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Abstract 


Film  cooling  has  an  inherait  complex  flow  structure  due  to  the  injection  of  coolant  into  the 
mainstream  boundary  layer.  Phaiomena  sudi  as  film  blow-off  at  high  blowing  rates  are  part  of  the 
ejqjerience  whai  using  discrete  holes  to  inject  the  coolant.  Inside  a  turbine,  this  flow  structure  is 
further  complicated  by  the  introduction  of  free  stream  turbulence.  Knowledge  of  the  effect  free 
stream  turbulence  has  on  film  cooling  effectiveness  serves  to  improve  the  prediction  of  coolant 
requiremaits  during  turbine  operation  . 

In  this  study  free  stream  turbulence  levels  from  7.3  %  to  17.8  %  are  applied  to  film 
cooling  over  a  flat  plate  with  two  rows  of  30°  slant-holes  using  a  wall  jet  as  the  main  stream  air 
siqjply.  Blowing  ratios  are  varied  from  0.25  to  2.0  and  free  stream  vdodties  at  injection  range 
from  10  m/s  to  85  m/s.  A  constant  density  ratio  of  1 .07  is  kqst  throughout  the  experiment. 

Results  show  that  for  different  magnitudes  of  blowing  ratio  free  stream  turbulaice  has  a 
different  influence  on  effectiveness.  At  the  forward  stations,  where  blow-off  was  present  at  high 
blowing  ratios,  hi^  free  stream  turbulaice  increased  effectivaiess.  While  at  mid  to  aft  stations  for 
all  blowing  ratios  high  free  stream  turbulence  decreased  effectiveness. 

A  correlation  for  effectivaiess  with  a  non-dimensi(mal  group  of  film  cooling  parameters  is 
offered.  The  effectivaiess  correlated  best  10  to  15  diameters  after  injection  where  blow-off  effects 
are  no  longer  presort,  and  before  the  very  far  downstream  stations  where  uncertainties  in  the 
measuremaits  were  greater. 


XX 


1.  Introduction 


1.1  Background 


A  common  practice  to  improve  the  performance  of  advanced  gas  turbine  engines  is  to 
increase  ^gine  operating  temperatures  in  order  to  increase  the  thermodynamic  efficiency.  Currait 
aigine  operating  temperatures  are  in  the  neighborhood  of  1750°K.  To  maintain  structural  integrity 
imder  sudi  a  hi^  temperature  environmart  cooling  of  turbine  blades  is  still  necessary,  despite 
major  material  advances  leading  to  the  use  of  componaits  made  from  nickel  superalloys  and 
ceramics.  Consequently,  film  cooling  continues  to  be  an  important  technolc^  development  area. 

Film  cooling  is  applied  throu^  the  injection  of  coolant  onto  the  surface  of  the  blade. 

This  is  done  by  bleeding  air  from  the  compressor  and  redirecting  it  to  diannels  inside  the  turbine 
blade.  The  air  is  then  injected  onto  the  blade  throu^  holes  on  the  surface  of  the  blade.  At  present, 
less  than  10  %  of  total  oigine  compressor  flow  is  used  for  cooling.  The  subtraction  of  this  air  from 
the  main  compressor  flow  produces  unwanted  work  losses.  The  reduction  of  these  losses  is  a  big 
motivation  for  the  achievement  of  better  prediction  of  coolant  requiremaits. 

The  parameter  used  to  quantify  the  performance  of  film  cooling  and  therefore  predict 
coolant  requirements,  is  referred  to  as  the  adiabatic  effectiveness  and  defined  as: 


ri  = 


T  -T 

aw  oo 


(1-1) 


where  T»w  is  the  adiabatic  wall  temperature.  Too  is  the  free  stream  temperature  and  To  is  the  coolant 
temperature.  (For  hi^  speed  flow  the  flow  temperatures  would  be  rqjlaced  by  recovery 
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temperatures.)  Additional  insight  into  these  parameters  is  provided  in  the  following  chapter  on  film 
cooling  theory. 

Another  important  parameter  is  the  indicator  of  the  mass  flux  ratio  of  coolant  injection  to 
free  stream  air,  known  as  the  blowing  ratio  and  defined  as: 


B  = 


(1-2) 


\\4iere  p*  and  p»  are  the  daisity  of  the  coolant  and  free  stream,  respectively;  and  Uc  and  U«>  are  the 
velocities  of  the  coolant  and  free  stream,  respectively. 


In  situations  like  blade  cooling  where  hi^  strength  requiremarts  exclude  the  use  of  a 
continuos  slot  and  discrete  hole  injection  is  necessary,  the  blowing  rate  becomes  a  critical 
parameter  in  terms  of  film  coverage  of  the  plate.  For  hi^  blowing  rate  injection,  mainly  B  >  1 .0, 
the  cooling  jets  detadi  from  the  surface  and  penetrate  into  the  mainstream.  This  leaves  the 
immediate  area  after  injection  with  litde  protection  and  allows  mainstream  air  to  come  in  contact 
with  the  surface.  This  occurrence  is  commonly  known  as  blow-off,  and  is  e7q>ected  to  have  a 
marked  effect  on  how  free  stream  turbulence  affects  effectiveness  in  this  ejqjeriment. 

Like  the  blowing  ratio,  the  dhoice  of  film  cooling  configuration  parameters  also  has  an 
inq)act  on  the  magnitude  of  the  effectiveness  adiieved.  For  instance,  the  more  parallel  to  the 
surface  the  injection  of  coolant  is,  the  b^er  the  coverage  and  readi  of  the  film  over  the  surface. 
Therefore,  the  smallest  possible  injection  angle  should  be  used.  However,  currait  manufacturing 
tedmology  limits  this  an^e  to  30°.  The  number  of  injection  hole  rows  used  also  affects  the  aid 
effectiveness.  In  experimaits  by  Han  and  Menhaidale  (1986),  and  Cirriello  (1991),  two  rows  of 
holes  have  beai  shown  to  be  superior  to  one  row.  Another  important  configuration  parameter  is 
the  injection  hole  pitdi  (P/D).  A  pitch  of  3 .0  produced  hi^er  efifectivaiess  than  a  pitdi  of  5.4  in 
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studies  by  Jubran  and  Brow  (1985)  with  two  rows  of  holes  lOD  apart.  Most  film  cooling  studies 
have  bear  performed  at  P/D  =  3 .0.  The  presait  work  was  done  using  P/D  =  4.0,  to  provide  data 
within  the  range  of  3 .0  <  P/D  <5.4  which  could  be  used  to  find  the  largest  P/D  less  than  5.4  that 
still  produces  conqiarable  values  of  t].  Relative  placemait  of  the  rows  with  one  another  also 
atfects  the  performance  of  film  cooling.  Afejuku  et  al.  (1980  and  1983)  tested  in-line  and 
staggered  configurations  and  showed  the  latter  configuration  to  be  siq)erior. 

The  ratios  of  thermodynamic  properties,  sudi  as  density,  between  coolant  and  free  stream 
also  affect  the  performance  of  film  cooling.  In  studies  by  Goldst^  et  al.  (1966  and  1974)  and 
Perdersai  et  al.  (1977)  using  Helium,  Freon-12  and  CO2  to  produce  difiFerent  density  ratios 
(DR  =  Po/p*),  maximvim  t|  occurred  at  a  higher  density  ratio  with  hi^er  B.  During  actual  turbine 
operation  the  coolant  d«isity  is  considerably  higher  than  that  of  the  free  stream;  the  density  ratio 
can  be  as  hi^  as  2.0.  Li  the  present  experiment  the  secondary  flow  equipmait  limits  the  daisity 
ratio  to  1.07. 

The  complexity  of  the  flow  structure  inherent  in  the  film  cooling  process  also  plays  a 
major  role  on  the  achieved  effectiveness.  Secondary  flow  injection  into  a  free  stream  increases  the 
boundary  layer  thickness,  5,  wiiich  in  turn  decreases  heat  transfer  to  the  surface  (Goldstein,  1971). 
Ejection  also  causes  the  main  flow  speed  to  decrease  upstream  of  the  injecting  jets  creating  an 
increase  of  pressure  at  this  location  while  a  decrease  in  pressure  occurs  at  the  downstream  side  of 
injection  (Goldstein,  1971).  This  phenomenon  results  in  a  deformation  of  the  jets.  Vortices  are 
generated  within  the  jets  vdiidi  produce  an  intermixing  of  the  coolant  and  £*00  stream.  Coolant 
flow  is  expelled  from  the  jet  while  free  stream  air  is  introduced  into  the  coolant  r^on. 
Additionally,  the  interface  or  shear  r^on  between  coolant  and  mainstream  is  characterized  by 
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large  scale  turbialent  structures  vsiiidi  promote  intermixing  betweai  the  flows  (Kohli  and  Bogard, 
1996). 


In  practice,  the  complexity  of  the  flow  interaction  between  primary  and  secondary  flow 
during  film  cooling  is  further  complicated  by  the  presaice  of  free  stream  turbulence.  Turbine 
blades  are  typically  subjected  to  free  stream  turbulaice  in  excess  of  20  %.  Evai  though  this  is  the 
case,  a  relatively  small  number  of  film  cooling  studies  have  beai  performed  with  high  free  stream 
turbulence.  One  of  the  first  con^rdbensive  studies  was  conducted  by  Kadotani  and  Goldstein  in 
1 979.  Using  turbulence  gaieration  grids,  Tu  levels  from  0.3  %  to  20.6  %  with  a  laigth  scale  of 
0.06d  to  0.3d  were  applied  to  film  cooling  with  one  row  of  injection  holes.  They  concluded  that  the 
free  stream  turbulaice  affects  the  effectivaiess  throu^  changes  in  boundary  layer  thickness, 
mixing  b^ween  mainstream  and  injected  flow,  shape  of  the  injected  flow  due  to  vortex  formation, 
and  pmetration  hei^  of  the  injected  flow.  For  different  blowing  ratios  the  predominant  factor 
among  those  listed  varied.  They  also  found  that  as  the  flow  moves  downstream,  the  effect  of  free 
stream  turbulaice  becomes  smaller.  In  a  later  study  by  Juitq)er  (1988),  a  wall  jet  was  used  to 
gaierate  free  stream  turbulence  of  14  %  to  17  %.  Film  cooling  was  applied  through  a  single  row 
of  30°  slant-hole  injectors.  He  found  that  at  low  B  free  stream  turbuloice  decreased  t).  In  a  more 
recait  study,  Bons  et  al.  (1994)  used  a  single  row  of  35°  slant-hole  injectors,  P/D  =  3.0  and 
DR  =  0.95.  Turbulaice  was  gaierated  by  a  grid  for  the  low  Tu  (0.9  %)  and  by  jets  in  cross-flow 
for  the  mid  to  high  Tu  (6.5  %  to  17.4  %).  Bons  et  al.  (1994)  found  that  the  effect  free  stream 
turbulence  has  on  effectiveness  dqjaids  on  the  magnitude  of  the  blowing  ratio.  For  B  betweai  0.55 
and  0.95,  where  blow-off  is  not  normally  present,  free  stream  turbulence  decreased  centerline  t]. 

At  these  blowing  ratios  the  reduction  in  t]  was  dominated  by  the  increased  dissipation  of  the 
coolant  into  the  mainstream.  For  B  >  0.95,  where  blow-off  is  presait,  high  free  stream  turbulaice 
increased  centerline  and  midline  effectiveness  at  the  forward  stations  by  reintroducing  detached 
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coolant  closer  to  the  surface  and  by  promoting  the  lateral  spread  of  the  coolant  jets.  Similar  effects 
to  all  these  described  are  expected  in  this  study  which  includes  a  comparable  set  of  parameters. 
Sdimidt  and  Bc^rd  (1996)  conducted  a  study  using  a  single  row  of  30°  slant-hole  injections, 

P/D  =  6.5  and  Tu  levels  of  0.3  %,  10  %,  and  17  %.  In  their  study,  laterally  averaged  ti  decreased 
with  hi^  Tu  levels  for  low  B.  Kohli  and  Bogard  (1997)  studied  the  effect  of  free  stream 
turbulaice  on  the  coolant  and  mainstream  flow  interaction  using  a  single  row  of  35°  slant-hole 
injectors,  P/D  =  1 .05  and  Tu  levels  of  0.5  %  and  20  %.  They  determined  that  the  coolant 
dispersion  was  initially  dominated  by  the  shear  layer  generated  turbulaice,  followed  farther 
downstream  by  large  turbulent  structures  from  the  free  stream. 

All  of  the  studies  maitioned  above  studied  the  effects  of  free  stream  turbulence  on 
effectiveness  using  a  single  row  of  injectors.  The  present  work  will  study  the  case  for  two  rows  of 
30°  slant-hole  injectors,  wall  jet  generated  Tu  levels  of  7.3  %,  12.2  %  to  17.8  %,  DR  =  1.07  and 
P/D  =  4.0.  Additionally,  each  set  of  measuremaits  will  be  taken  for  five  differait  free  stream 
velocities  at  injection. 

Better  understanding  of  high  free  stream  turbulence  effects  on  the  mechanics  of  film 
cooling,  and  how  these  effects  are  influenced  by  other  film  cooling  parameters,  will  arable 
improved  modeling  of  the  process  and  therefore  more  accurate  prediction  of  tj  . 


1.2  Problem 

The  goal  of  this  study  is  to  investigate  the  effect  free  stream  turbulaice  has  on  film  cooling 
effectiveness  as  manifested  in  measurements  for  the  case  of  two  rows  of  30°  slant-hole  injectors. 
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1.3  Scope 


EfFectivaiess  was  gaierated  for  various  values  of  Tu,  B  and  U«,  at  injection 

•  Free  stream  turbulaice  was  varied  from  7.3  %  to  17.8  % 

•  Blowing  ratio  was  varied  from  0.25  to  2.0 

•  Uoo  was  varied  from  10  m/s  to  85  m/s 
Density  ratio  was  constant  at  1.07. 

1.4  Assumptions 

In  order  to  create  a  near-adiabatic  wall  condition,  no  power  was  applied  to  the  plate  from 
which  surface  temperatures  were  measured.  At  zero  voltage,  conduction  and  radiation  losses  are 
still  presait.  Effectiveness  was  corrected  for  these  losses  in  the  normal  direction  to  the  plate. 
Losses  in  the  lateral  and  longitudinal  direction  were  assumed  n^igible. 

1.5  Experimental  Approach 

Effectivaiess  was  measured  using  a  set-xqj  designed  to  rq)licate  film  cooling  conditions 
over  a  turbine  blade  using  a  practical  range  of  parameters.  A  wall  jet  supplied  the  main  stream  air 
over  the  plate.  The  coolant  air  was  injected  through  2  rows  of  holes  on  the  surface  of  the  plate. 

The  coolant  temperature  was  an  average  of  10  to  20  degrees  lower  than  the  main  stream  air.  With 
no  power  siq)plied  to  the  plate,  free  stream  and  surface  temperatures  were  collected  along  the  plate. 
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This  was  done  for  each  vdocity  and  blowing  ratio  combination  for  all  three  levels  of  free  stream 
turbnlaice. 

1.6  Sequence  of  presentation 

Following  the  introduction  the  film  cooling  effectivoiess  and  wall  jet  characterization  is 
presented,  followed  by  a  description  of  the  experimental  apparatus,  ejqrerimental  procedures  and 
data  reduction,  results  and  discussion,  and  finally  the  conclusion. 
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2.  Film  Cooling  Effectiveness  and  Wall  Jet  flow 

Characterization 


2.1  Film  cooling  Effectiveness 


Inside  a  turbine,  film  cooling  is  primarily  used  to  reduce  the  convective  heat  transfer  rate 
from  the  hot  gases  to  an  ejq)osed  blade.  The  secondary  fluid  not  only  produces  an  insulating  layer 
whidi  protects  the  surface  of  the  blade,  but  it  also  acts  as  a  heat  sink  by  lowering  the  mean 
temperature  in  the  boundary  layer.  The  heat  flux  from  the  hot  gases  to  the  surface  can  be  written 

<l  =  K(T^-T.)  (2-1) 


where  h©  is  the  heat  transfer  coefficiait  with  film  cooling,  Tw  is  the  wall  temperature,  and  Taw  is  the 
adiabatic  wall  temperature.  The  latter  temperature  is  the  surface  temperature  for  the  limiting  case 
of  a  perfectly  insulated  surface  where  the  heat  flux  would  be  zero.  Without  film  cooling  injection 
this  adiabatic  temperature  would  be  the  same  as  the  free  stream  temperature  or  for  hi^  speed  flow 
the  recovery  temperature.  With  injection,  the  resulting  Taw  depends  on  the  temperatures  of  the  free 
stream  and  the  coolant  stream.  To  bypass  this  temperature  dependaice,  the  adiabatic  wall 
temperature  can  be  expressed  in  a  dimensionless  form  called  the  film  cooling  effectiveness  as; 


77  = 


T  -T 

aw  -^QO 

Te-T^ 


(1-1) 


where  T«,  is  the  free  stream  ten^erature  and  T^  is  the  temperature  of  the  coolant  at  the  point  of 
injection  (Goldstein,  1971).  For  hi^  speed  flows  r]  is  expressed  as: 
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where  T,«o  is  the  free  stream  recovery  temperature  and  is  the  recovery  temperature  of  the  coolant 
at  injection.  The  limiting  values  of  effectiveness  are  unity  at  the  point  of  injection  (Taw  =  Tk),  and 
zero  far  downstream  of  injection  where  the  secondary  flow  is  greatly  diluted  and  the  wall 
temperature  approadies  the  free  stream  recovery  temperature. 

2.2  Wall  Jet  Flow 

2.2.1  General  characteristics 

When  a  fluid  is  blown  parallel  to  a  surface,  it  forms  a  configuration  known  as  a  wall  jet. 
Figure  2-1 .  Shows  the  typical  mean  velodty  distribution  across  a  two-dimaisional  wall  jd  and 
defines  the  nomaiclature.  The  wall  jet  is  a  two-layer  shear  flow  that  combines  the  characteristics 
of  a  boundary  layer  and  a  free  jet.  The  r^on  from  the  wall  to  ¥„  is  the  inner  layer,  in  which  the 
flow  exhibits  similarities  in  structure  with  that  of  a  convaitional  turbulait  boundary  layer.  The 
region  extaiding  from  Yn,  to  the  outer  edge  of  the  flow  is  the  outer  layer  (Launder  and  Rodi,  1983). 

Modeling  the  high  turbulaice  intensity  erf  real  engine  blades  under  typical  operating 
conditions  in  a  laboratory  is  difficult.  Many  researchers,  sudi  as  MacMullin  et  al.  (1988), 
Madejewsld  and  Moffat  (1989),  Jumper  et  al.  (1988),  etc.,  used  the  aggressive  flow  characteristics 
of  a  wall  jet  over  a  flat  plate  at  atmospheric  pressure  and  temperature  to  generate  a  high  turbulence 
level.  MacMullin  et  al.  (1988)  determined  that  turbulaice  intensity  in  the  wall  jet  boundary  layer 
varied  as  a  function  of  longitudinal  distance  along  the  plate  and  was  largely  independent  of  nozzle 
velodty.  This  is  an  important  fact  because  a  wide  range  of  Reynolds  number  may  be  covered  by 
varying  the  nozzle  exit  velodty,  without  mudn  change  in  the  local  turbulence  level.  MacMullin  et 


al.  used  a  round  ASME  nozzle  to  generate  the  free  jet  with  hi^  turbulence  intensity  level  for  his 
study. 

Eckerle  (1988)  used  a  7  cm  x  48  cm  short  radius  rectangular  nozzle  to  create  a  wall  jet. 
He  found  that  the  rectangular  geometry  reduced  the  edge  effects  observed  in  previous  tests  with  a 
circular  wall  jet,  in  vtoch  a  variation  was  observed  in  the  velocity  field  and  turbulence  intensity  in 
the  lateral  border  of  the  jet.  Eckerle  ( 1 988)  also  found  a  region  in  the  centerline  of  the  flow  at  a 
distance  three  times  the  nozzle  diameter,  wiiere  the  velocity  field  and  the  turbulence  intaisity 
suffered  perturbations.  This  could  have  bear  caused  by  the  recirculation  over  the  plate,  due  to 
induced  flow  over  the  settling  chamber.  For  the  presort  research,  a  new  longer  rectangular  nozzle 
was  used  to  eliminate  this  problem. 

2.2.2  Applicable  scaling  laws 

For  the  wall  jet  flow,  the  choice  of  scaling  parameters  or  the  application  of  a  specific 
scaling  law  has  not  ortirely  been  agreed  on  by  researchers  in  the  field.  A  study  by  Wygnanski  et 
al.  (1992)  on  the  applicability  of  scaling  laws  to  the  turbuloit  wall  jet  provides  valuable 
information  on  the  subject,  hr  the  study,  the  wall  jet  flow  was  scaled  by  the  local  length  and 
velocity  scales,  by  outer  flow  variables,  and  by  wall  jet  momentum  flux. 

For  the  initial  scaling,  Wygnanski  et  al.  (1992)  plotted  velocity  profiles  for  several  values 
ofR^inY/YmQ  andU/Um  coordinates.  Agoodcollapse  was  obtained  at  Y  locations  far  from  the 
wall  (Y/Ymfi  ~  1),  but  near  the  wall  the  profiles  were  d^oident  on  Rej.  This  finding  triggered  their 
search  for  a  different  way  of  scaling  the  data  which  could  sustain  self-similarity  for  a  range  of  R^. 
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Wygnanski  et  al.  (1992)  obtained  a  good  collapse  for  all  velocity  profiles  and  all 


through  the  use  of  outer  variables,  YAfm«and(U-Un,)/Ux,  v^ere. 


(2-4) 
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is  a  wake  fimction  curve  fit  (White,  1991),  FT  is  Coles  wake  parameter  equal  to  0.45  for  a  flat  plate 
(White,  1991),  and  A  is  the  universal  constant  of  the  inner  scaling  laws  equal  to  3.9  for  the  profiles 
in  this  e)q)eriment.  (Tn  his  1992  paper  Wygnansld  et  al.  points  out  that  several  researdiers,  Myers 
et  al.  (1963),  Bradshaw  and  Gree  (1962)  and  R.  P.  Patel  (1962),  question  the  universality  of  the 
constant  A  and  propose  constants  varying  from  3.9  to  4.75).  Wygnansld  et  al.  (1992)  showed  that 
outer  variables  correlate  well  beyond  the  maximum  vdodty  point  (U  =  Um  )  and  well  below  the 

location  where  the  Reynolds  stress,  (—pu'v'),  vanishes  near  the  solid  wall.  Equation  2-4  is  also 
known  as  the  Outer  Law. 

Additionally,  Wygnansld  et  al.  (1992)  scaled  the  flow  by  the  wall  jet  momentum  flux, 

Mj  =  Uj^b,  and  compared  his  results  with  those  of  Narasimha  et  al.(1973).  In  their  separate  works 
this  scaling  was  shown  to  be  indepoident  of  Re^,  for  large  values  of  the  same  parameter. 

Wygnansld  determined  the  threshold  to  be  Resj  >  5000.  For  the  present  work  Resj  values  ranged 
from  43,300  to  368,000  which  fall  well  above  the  threshold  value.  Both  researchers  used  the  same 
form  of  the  following  power  law; 
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where  Xl  is  distance  in  the  flow  direction  measured  from  the  no22le  exit  to  a  station  (Xl  =  Xinj)  for 
the  currait  application,  i.  e.,  the  distance  from  the  nozzle  exit  to  the  coolant  injection  point).  Eadi 
study  produced  sli^y  differait  values  for  the  exponait  n,  however,  and  also  fairly  different 
values  of  the  constant  Au  .  Wygnanski  obtained  K  =  1.473  and  n  =  -0.472,  while  Narasimha 
obtained  Au  =  4.6  and  n  =  -0.506.  Wygnanski  attributes  the  differences  in  the  constants  to  the 
scatter  in  Narasimha’s  original  data.  The  set  of  constant  and  ejqponent  obtained  by  Wygnanski  was 
used  in  this  experiment.  Further  detail  on  how  the  appropriate  set  was  selected  is  gjvai  in  Chapter 
5. 

The  devel(q>mait  of  the  wall  jet  scaling  by  momattum  flux  from  Wygnanski ’s  study  also 
included  an  equation  for  the  Y  location  where  t)  becomes  half  of  its  original  value.  This  equation 
takes  the  form 
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where  Ay  =  1 .445  and  m  =  0.881 . 


Also  from  the  same  development,  the  friction  velocity,  —{jw! 
throu^  a  combination  of  equation  (2-5)  and  equation  (2-7) 
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can  be  obtained 


(2-7) 


where  A^  =  0.146  and  k  =  -1.07,  vdiich  yields 
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(2-9) 


The  scaling  of  the  wall  jet  flow  by  the  momattum  flux  provided  the  means  to  obtain  the 
input  parameters  of  equation  (2-4)  and  later  solve  for  U  to  gaierate  velocity  profiles.  This  is  the 
main  capacity  the  wall  jet  scaling  development  is  used  for  in  the  presait  work. 
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3.  Experimental  Apparatus 


The  equipmait  and  set  up  described  in  this  section  were  used  for  preliminary 
measurements  to  qualify  the  configuration  of  a  rectangular  nozzle  and  instrumaited  table,  as  well 
as  for  the  collection  of  the  data  to  be  analyzed. 

Previous  researdi  by  Eckerle  (1988),  MacMullin  (1986),  and  Jumper  (1988)  was 
conducted  in  the  same  facility  in  room  21  at  WRDC/POTC,  with  small  variations  in  ctaifiguration. 
To  eliminate  recirculation  over  the  plate,  due  to  induced  flow  over  the  settling  chamber  and 
surroundings,  a  long  radius  ASME  rectangular  nozzle  was  built  and  installed.  An  additional  step 
was  to  add  one  60  %  open  perforated  plate  in  the  setding  diamber  to  break  vq)  the  flow  structure 
coming  from  the  wall  jet  gaierator.  The  perforated  plate  was  positioned  upstream  of  the  egg  crate 
and  honeycomb  flow  straightoier  already  existent. 

The  complete  table  set  up  consists  of  a  test  section  (flat  plate),  two  extension  tables,  and 
an  injection  table.  In  the  following  subsections  the  flat  plate  and  extaision  tables  are  described 
first,  followed  by  the  injection  table,  the  traversing  system,  and  finally  the  data  acquisition  system. 
Figures  3-l(a),  (b)  and  (c)  illustrate  the  complete  apparatus  layout. 


3.1  Flat  Plate  and  Extension  Tables 

The  test  section  (flat  plate)  is  used  for  the  evaluation  of  the  film  cooling  effectiveness  from 
measurements  of  surface  temperatures  using  embedded  thermocouples  (see  Figure  3-2  for  detailed 
layout).  Tlie  plate  is  laid  out  into  fourteai  stations  starting  at  x/d  =  5  to  70  in  increments  of  5, 
where  x  is  measured  from  the  injection  point  and  d  is  the  diameter  of  the  hole.  At  each  station 
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there  are  ei^t  laterally  anbedded  thermocouples.  The  flat  plate  substrate  consists  of  a  46.04  cm  x 
1 .549  m  stainless  steel  plate,  insulated  by  fiberglass,  wood,  and  Styrofoam  with  thickness  of 
0.476  cm,  3.65  cm,  15.24  cm,  respectively,  placed  underneath  the  plate.  This  flat  plate  substrate  is 
supported  by  a  wood  structure  and  is  positioned  immediatdy  after  the  injection  table. 

Two  extaision  tables  measuring  1 .22  m  x  33 .3  cm  and  1 .22  m  x  1 .33  m,  are  used  to 
increase  the  distance  from  nozzle  exit  to  the  injection  holes  to  a  specific  downstream  location  where 
the  Tu  intensity  level  is  known.  These  tables  are  inserted  directly  between  the  nozzle  exit  and  the 
injection  table.  Data  was  recorded  at  three  different  free  stream  turbulaice  levels, 

•  Tu  =  7.3  %  -  no  extension  table,  injection  table  at  nozzle  exit,  Xioj  =  34.69  cm. 

•  Tu  =  12.2  %  -  one  extaision  table  inserted  immediately  iqrstream  of  the  injection 
table,  Xinj  =  68.02  cm. 

•  Tu  =  17.8  %  -  two  extaision  tables  inserted  immediately  upstream  of  the  injection 
table,  Xiq  =  2.013  m. 

3.2  Air  Supply  (Wall  jet) 

The  main  stream  air  is  supplied  by  a  compressor  rated  at  300  psi  and  7.5  Ib./sec.,  and 
passes  througfi  a  gate  valve  into  a  cylindrical  settling  diamber  wifii  a  diameter  of  0.81  m  and  a 
length  of  1 .52  m.  Inside  the  settling  diamber  the  wall  jet  stagnation  temperature  was  measured  by  a 
24  gauge  iron-constantan  thermocouple.  The  wall  jet  is  produced  over  a  flat  plate,  at  the  outlet  of 
a  nozzle.  The  nozzle  is  an  ASME  long  radius  rectangular  nozzle  with  a  48.0  cm  by  6.5  cm  cross 
section  and  a  length  of  38.0  cm.  This  apparatus  is  designed  to  provide  clean  flow  (absaice  of  oil 
and  dirt),  with  uniform  turbulaice  level  and  velodty  fields  at  nozzle  exit,  steady  flow,  and  absence 
of  swirl. 
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Side  walls  to  ensure  the  two  dimaisionality  of  the  flow  are  positioned  at  both  sides  of  the 
plate.  The  15.2  cm  height  side  walls  are  much  higher  than  the  boundary  layer  formed  iq)  to  3  m 
from  the  nozzle  exit,  therefore  the  two-dimesionality  of  the  main  flow  is  guaranteed.  Moreover, 
despite  the  increase  of  the  boundary  layer  by  the  secondary  flow  injection,  the  lateral  wall  is  still 
high  aiou^  to  avoid  interferaice  of  room  air  from  the  sides  into  the  r^on  where  the 
measur^aits  were  taken. 

3.3  Injection  Table 

The  injection  table  is  a  1 .22  m  x  37.62  cm  horizontal  flat  surface  with  a  total  of  elevai 
injection  holes  distributed  between  two  rows,  5  holes  iqDstream  and  6  holes  downstream.  The  row- 
to-row  distance  is  3.64d,  with  the  holes  at  the  vertices  of  an  isosceles  trian^e,  as  shown  in  Figure 
3-5,  and  a  pitch  to  diameter  ratio  of  4.  The  downstream  edge  of  the  second  row  serves  as  the 
refer^ce  line  for  measuring  the  distance  from  the  nozzle  exit  to  injection  and  from  injection  to  each 
station. 

The  coolant  flow  is  siqjplied  by  an  A/M  32C-4  aircraft  ground  air  conditioner  unit.  This 
unit  is  capable  of  supplying  air  at  a  constant  tenqjerature  in  the  range  of  20  to  100°F.  Prior  to 
injection,  the  coolant  is  delivered  to  a  plenum  diamber  with  measurem^ts  of 20  x  50  x  22  cm. 

The  secondary  flow  is  injected  through  stainless  steel  tubes  with  an  internal  diameter  of 
1 .83  cm.  One  aid  of  the  tubes  is  glued  to  the  upper  plate  of  the  plaium  chamber  and  the  other  aid 
to  the  injection  table,  flush  to  the  test  surface.  The  film  cooling  injection  tube  laigth  was 
established  as  three  times  the  injection  tube  diamaer.  With  this  tube  laigth  the  velocity  profile  of 
the  cooling  flow  at  the  point  of  injection  is  not  fully  developed.  This  is  a  desirable  condition  since 
the  objective  is  to  simulate  as  close  as  possible  an  actual  turbine  application.  If  the  tube  is  too  long 
the  velocity  profile  would  be  fully  developed,  and  would  influence  the  paietration  of  the  cooling  ja 
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into  the  main  stream  and  the  structure  of  the  film  cooling.  The  injection  angle  is  30°  \\diich  is  often 
used  in  actual  turbine  blades.  This  angle  was  also  chosen  because  it  facilitates  comparison  with 
results  obtained  by  other  researchers. 

3.4  Traversing  System 

The  traversing  system  included  manual  adjustment  of  the  vertical  and  lateral  probe 
location.  A  hot-film  probe  and  a  boundary  layer  thermocouple  were  held  at  the  same  hdght,  side 
by  side,  on  a  support  bar,  3.55  m  in  length.  These  thermo(x>uples  were  used  to  collect  velochy  and 
tenqjerature  data  of  the  main  stream  flow  at  the  ceiterline  of  the  flat  table. 

3.5  Data  Acquisition  System 

The  data  acquisition  hardware  was  controlled  by  a  Hewlett  Packard  HP  9845C  computer 
controller,  which  was  connected  directly  through  an  HP-IB  interface  bus  (IEEE-488  standard)  to 
an  80  channel  HP  3497A  Data  Acquisition  Controller  Unit  and  two  HP  3478A  digital  multimtters. 
Velocity  and  turbulaice  intaisity  were  calculated  by  the  HP  computer  and  the  results  stored  on  HP 
9885M  flexible  disk  drive,  8  in.  floppy  disks.  The  data  acxjuisition  software  provided  a  real  time 
display  of  the  velocity  and  turbulence  intensity  profile. 

Vdocity  measuremaits  were  obtained  from  a  single  hot-film  saisor  controlled  by  a 
Thermo-System  Inc.  (TSI)  IFA-100  constant  temperature  anemometer.  The  anemometer  RMS 
outputs  were  read  by  the  HP  3478A  multimeters.  The  HP  3497A  controller  unit  read  the 
thermocouple  and  DC  anemometer  voltages.  The  anemometer  ouqjut  was  also  connected  in 
parallel  to  an  HP  3 562 A  Dynamic  Signal  Analyzer  for  autocorrelation  int^al  time  scale 
measuremaits.  A  standard  model  TSI  1210-20  hot-film  probe  was  used  throughout  the  test. 
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Additional  equipment  included  a  TransAmerica  CEC  2500  Digital  Barometer,  whidhi 
measured  the  laboratory  ambient  pressure;  a  TSI 1125  Calibrator  for  hot-film  cahbration;  and  a 
Tektronix  2430A  Digital  Oscilloscope  to  measure  the  frequency  response  and  stability  of  the  film 
anemometer. 
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4.  Experimental  Procedures  and  Data  Reduction 


Two  major  types  of  measurements  were  performed  during  this  researdi:  preliminary 
measurements  (diagnostic  or  validation)  and  actual  data  collection  measurements.  The  following 
section  describes  procedures  and  data  reduction  for  all  measurement  collections.  Since  the  author 
did  not  take  part  in  the  collection  of  the  data  the  following  descriptions  were  gathered  in  part  by 
reconstructing  the  events  based  on  the  evidaice  revealed  by  the  data  records,  information  acquired 
from  the  thesis  prospectus,  and  by  accounts  from  researdiers  presait  at  the  time  the  experiment 
was  taking  place.  Any  small  deviation  from  actual  everts  is  purely  uninteitional.  The  preliminary 
measurements  taker  to  assess  the  two  dimersionality  of  the  main  stream  flow  over  the  flat  plate  are 
described  first,  followed  by  the  velocity  and  temperature  profiles  and  finally  the  film  cooling 
effectiveness  measuremerts. 

4.1  Preliminary  Measurements 

4.1.1  Two  Dimensionality  Analysis 

An  op«r  flat  plate  measuring  2.4  m  by  4.9  m  was  placed  tangentially  in  front  of  a  short 
rectangular  nozzle  without  lateral  constraiirs.  The  velocity  distribution  was  determined  at  nine 
locations  along  the  plate  with  coordinates  x,  y,  z,  \sirere  x  is  the  distance  from  the  nozzle,  y  is  the 
height  vdrere  the  maximum  velocity  was  achieved  (local  ¥„)  and  z  is  the  lateral  distance  from 
centerline.  The  x  distances  along  the  plate  were,  x  =  22.9,45.7,66.7,  100.0,  133.4, 166.7, 

215.9,  279.4,  and  333.4  cm.  Figure  4-1  shows  the  results  plotted  in  contour  and  three-dimarsional 
plots. 
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The  lateral  traverse  of  velocity  showed  that  only  the  region  very  close  to  the  centerline 
(|z|  <15  cm)  and  close  to  the  nozzle  (x  <  45  cm),  i.e.  the  core  r^on,  had  a  near  two-dimensicsial 
profile.  Outside  this  region,  the  distribution  had  no  level  plateau  of  velocity,  indicating  that  the 
flow  over  the  opm  flat  plate  was  not  close  to  two-dimensional .  The  lateral  jet  spread  was 
determined  by  the  locus  of  lateral  positions  where  the  velocity  is  50  %  of  the  local  centerline 
velocity.  The  value  of  the  jet  spread  angle  measured  without  side  walls  was  about  6d^ees,  as 
can  be  seen  in  Figure  4-2.  The  results  indicated  that  a  single  flat  plate  is  unsuitable,  and  side 
walls  are  required  to  avoid  lateral  jet  spread  and/or  induction  of  air.  These  results  led  to  the 
experiment  to  dieck  the  two-dimaisionality  of  the  flow  including  side  walls,  described  in  the  next 
section. 

As  part  of  the  two  dimensionality  dhieck,  the  velocity  measurements  were  used  to  calculate 
the  turbulaice  intaisity,  int^al  laigth  scale  and  velocity  fluctuation.  The  turbulaice  intaisity 
(Tu)  is  defined  as: 

Tu  =  —  (4-1) 

U 

wiiere  U  is  the  mean  velocity,  and  the  rms  velocity  fluctuation  (  m'  )  is  defined  as: 


in  whidi  u  is  the  instantaneous  velocity  fluctuation.  The  total  velocity  component  in  the  x  direction 
(Ux)  is  d^ned  as  : 

=  U  +u  (4-3) 

The  int^al  length  scale  (L)  is  defined  as: 
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L  =  UJ, 


(4-4) 


where  Ju  is  the  int^ral  time  scale  defined  as: 


dr 


wdiere  t  is  the  time  increment. 


(4-5) 


Figures  4-3, 4-4,  and  4-5  show  the  resulting  turbulaice  intensity  level,  int^al  laigth 
scale,  and  velocity  fluctuation  in  contour  and  three-dimensional  plots.  The  figures  show  that  all 
these  parameters  change  considerably  in  the  longitudinal  and  lateral  direction. 

4.1.2  Two  Dimensionality  with  Side  walls 

The  boundary  layer  velocity  was  acquired  with  the  previously  described  apparatus.  The 
velocity  fluctuation,  turbulence  intaisity,  and  int^al  laigth  scale  were  evaluated  as  described  in 
the  previous  section.  Here  a  long  radius  ASME  rectangular  nozzle  was  used,  with  two  side  walls 
45  cm  ^art,  exactly  the  width  of  the  rectai^ar  nozzle.  The  side  wall  hei^  was  15.2  cm.  This 
wall  hei^t  assured  that  the  flow  was  contained  in  the  diannel,  since  the  maximum  thickness  (Ym) 
measured  previously  was  only  5. 1  cm  at  a  distance  3  m  downstream  of  the  nozzle  exit. 

The  results  from  the  experiments  with  side  walls  were  plotted  in  contour  plots,  and  are 
shown  in  Figure  4-6.  In  all  plots  the  contour  lines  are  approximately  perpendicular  to  the  mean 
flow,  showing  that  two-dimensional  flow  was  adiieved. 
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4.2  Velocity  and  Temperature  Profiles  (no  film  cooling  injection) 

Two  velocity  profile  data  sets  were  collected  at  Uj  =  55.8  m/s  to  diaracterize  the  main 
stream  flow  vertically.  One  set  was  taken  at  14  stations  with  30  data  points  each  ranging  from 
Y  =  0.508  on  to  17.78  cm  and  a  Y  incranent  of  0.254  cm.  At  eadi  Y  location  turbuloice 
intaisity  and  velocity  fluctuations  were  measured.  A  temperature  profile  was  also  taken  at  all  14 
stations  along  the  plate.  A  second  velocity  profile  set  was  takai  at  6  stations  with  20  data  points 
eadi  ranging  from  0.53  mm  to  10.53  mm  (did  not  include  Y^  point)  and  a  Y  incranent  of  0.1  mm. 
The  coeffidait  of  friction  (Cf)  and  the  fiiction  velocity  (Ux)  were  calculated  at  eadi  station  for  this 
set  of  profile  data. 

4.3  Film  Cooling  Effectiveness  Tests 

Surface  temperature  measurements  were  takoi  at  14  stations  with  coordinates  x,  y,  z, 
where  x  is  the  longitudinal  distance  from  injection,  y  is  the  vertical  distance  (y  =  0)  and  z  is  the 
lateral  distance  from  the  caiterline.  Eight  lateral  measuremeits  were  taken  at  eadi  station  from 
whidi  an  average  Tw  was  calculated.  Using  Tw  average  and  the  corresponding  free  stream 
temperature  at  x,  y,  0,  a  laterally  averaged  t|  was  calculated.  Efifectivaiess  was  obtained  for  five 
differait  U«  at  injection  values,  10,  18,  37,  60,  and  85  m/s,  at  three  Tu  levels  7.3  %,  12.2  %,  and 
17.8  %,  with  a  B  range  of  0.25  to  2.0.  There  was  no  heat  applied  to  the  plate  in  an  attempt  to 
create  a  near  adiabatic  surface  condition.  A  correction  was  then  applied  to  account  for  any  losses 
still  present  due  to  conduction  and  radiation.  This  correction  approadi  is  based  on  similar 
procedures  outlined  by  Mick  and  Majle  (1988)  and  Ligrani  et.  al.,  (1992),  \dierein  the  adiabatic 
film  cooling  effectiveness  (equation  2-3)  is  rewritten  including  a  correction  term  as 
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(4-6) 


V  = 


^  rad  ^  cond 


Trc-T^  h{Trc-Tr.) 


where  Twis  the  actual  measured  wall  tanperature  and  h*  is  the  heat  transfer  coeffidait  with  film 
cooling.  The  latter  parameter  was  not  available  for  this  experimait  and  was  estimated  using  a 
Stanton  number  correlation  (Kays  and  Crawford,  1980) 


St^  =  0.0287  Re,"®" 


(4-7) 


and  an  expression  to  account  for  the  effects  of  free  stream  turbulaice  on  the  Stanton  number  by 
Simonidi  (1978) 

-  =  1-1- 57m  (4-8) 

*0 


The  derivation  of  equation  (4-6)  is  presented  in  ^pendix  A. 

Kinematic  and  thermodynamic  properties  of  the  main  stream  and  secondary  flow  were 
obtained  through  a  mixture  of  direct  measuremarts  and  calculations.  Free  stream  pressure  and 
temperature  measurements  were  takai  at  centerline  with  a  Kiel  probe  and  boundary  layer 
thennocouple  located  at  ¥„  where  LL  is  at  a  maximum.  From  these  measurements  the  free  stream 
velocity  was  calculated.  Coolant  temperatures  were  calculated  from  coolant  tank  total  temperature 
and  coolant  velocity  values.  The  coolant  velocity,  was  calculated  using  the  coefiSdait  of  discharge 
and  coolant  tank  pressure  and  density  values.  The  secondary  flow  injection  was  kqrt  at  a 
temperature  10  to  20  d^ees  lower  than  the  free  stream.  Wall  temperatures  were  rostered  using 
thermocouples  imbedded  in  the  plate.  A  description  for  the  uncertainties  in  the  measurements  and 
the  propagation  of  these  to  the  calculation  of  the  effectiveness  is  presented  in  Appaidix  B. 

The  procedure  for  collecting  the  data  was  the  following: 
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1 .  Set  Uoo  at  injection  by  adjusting  the  pressure  in  the  main  tank 

2.  Set  film  cooling  flow  by  adjusting  the  pressure  in  the  cooling  tank,  whidi  in  turn  sets 
the  discharge  coefficient  (see  y^pendix  C  for  CD  correlation  used ) 

3.  ^^Vhoi  desired  conditions  are  met,  take  measurem^its  for  Tm,  T^x,  Pkiei,  "ftank,  Ttankcoolj 
Ptank,  Ptankcool* 

4.  Reduce  data  (for  thermocouple  data  reduction  program  see  Appaidix  C) 

The  above  procedure  was  repeated  for  each  blowing  rate  for  a  given  Ua,  at  injection  value 
and  Tu  level.  The  blowing  rate  was  changed  by  resetting  Uc  (adjusting  to  desired  coefficient  of 
discharge)  while  keqiing  Uoo  at  injection  at  a  set  value.  The  density  ratio  was  maintained  at  sli^tly 
above  one  (~1 .07).  After  the  desired  range  of  blowing  rates  was  covered,  Uoo  at  injection  would  be 
dianged  next  for  the  same  Tu  level  until  data  was  collected  for  all  blowing  rates.  After  data  for  all 
combinations  of  U*,  and  B  had  been  collected  an  ext^ion  table  was  inserted  to  relocate  the 
injection  holes  to  the  respective  longitudinal  location,  Xinj,  for  the  next  turbulaice  level  to  be  tested. 
The  turbulaice  level  adiieved  at  a  specific  Xinj  was  indqiendent  of  the  value  of  nozzle  jet  exit 
velocity  set.  In  other  words  it  did  not  matter  whether  U*  at  injection  was  set  to  10  m/s  or  60  m/s, 
the  turbulaice  level  at  Xinj  =  2.01  m  continued  to  be  17.8  %.  This  finding  was  determined  by 
McMullin  et  al.  (1988)  who  also  used  a  wall  jet  (round  ASME  nozzle)  as  a  source  of  free  stream 
turbulaice  during  his  heat  transfer  researdb. 

4.3.1  Reconstruction  of  free  stream  temperature  data 

Subsequent  inspection  of  the  free  stream  temperature  data  by  this  author  revealed  that  the 
thermocoiqile  used  to  record  the  free  stream  temperature,  T^o, ,  was  positioned  too  close  to  the 
coolant  jet  stream  and  at  high  blowing  rates,  when  the  jrt  stream  penetrated  further  into  the  mam 
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stream,  the  temperature  being  registered  was  that  of  a  mixture  of  coolant  and  main  stream  flow, 
not  of  the  main  stream  alone.  As  a  result,  free  stream  temperature  values  needed  to  be  r^laced  in 
all  film  cooling  effectiveness  calculations.  Since  the  data  could  not  be  collected  again  (the  test 
apparatus  had  been  disassembled)  an  alternate  way  to  obtain  free  stream  temperature  values  was 
devised.  Using  the  total  temperature  in  the  main  air  source  plenum  diamber,  Ttank ,  and  free  stream 
vdocities,  new  values  were  calculated  (for  calculation  details  see  Appoidix  D).  The  recovery 
tenqjerature  for  low  B  values  was  also  reconstructed  because  there  was  no  way  of  knowing  at 
\^ch  blowing  ratio  the  free  stream  temperature  measurements  began  to  be  tainted  by  the  coolant. 

The  above  motioned  misplacement  of  the  free  stream  thermocouple  could  have  been 
avoided  by  taking  a  temperature  profile  along  the  plate  with  injection  at  hi^  and  low  blowing  rates 
to  locate  the  best  position  for  the  thermocouple  for  the  respective  blowing  rate. 

It  was  also  found  that  the  film  cooling  effectiveness  was  calculated  using  static 
temperature  values  instead  of  recovery  temperature  values  which  were  verified  to  be  necessary  at 
the  higher  U«  and  Uc  conditions  used  in  this  experimait.  Therefore,  all  relevant  tanperatures  (T*,, 
and  Tc )  were  converted  to  recovery  values  and  ti  values  recalculated. 
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5.  Results  and  Discussion 


For  this  research,  laterally  averaged  film  cooling  efifectivaiess  was  generated  firom  the 
collection  of  surface  and  free  stream  temperatures  acqriired  while  injecting  cooled  air  over  an 
adiabatic  plate  through  two  rows  of  30°  slant-hole  injectors.  The  data  was  obtained  for  five  values 
of  free  stream  velocities  at  injection  from  a  rectangular  slot  (10,  18,  37,  60  and  85  m/s),  three  free 
stream  turbulence  levels  (7.3  %,  12.2  %  and  17.8  %),  and  blowing  ratios  from  0.25  to  2.0. 

This  chapter  presents  the  results  of  the  experiment  and  offers  a  discussion  of  the  bdiaviors 
observed.  The  chapter  is  divided  into  two  parts.  The  first  part  deals  with  the  effect  of  free  stream 
turbulence  on  film  cooling  effectiveness.  The  secxjnd  part  presents  the  developmait  of  a  film 
(x)oling  effectiveness  correlation. 


5.1  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 

The  effects  of  free  stream  turbulence  on  film  cooling  efifectivaiess  involve  a  conq)lex 
process,  influaiced  by  many  factors.  Film  cooling  effectiveness  is  affected  by  the  presaice  of 
turbulaice  in  the  free  stream  through  the  enhanced  mixing  of  the  coolant  with  the  main  stream  air. 
As  the  cooling  air  is  injected,  turbuloice  in  the  firee  stream  spreads  the  air  laterally,  encouraging  a 
uniform  distribution  of  the  injecting  jets,  and  also  vertically.  For  flows  attached  to  the  surface  this 
vertical  spreading  usually  implies  a  decrease  in  effectivaiess  as  the  coolant  is  diffused  away  from 
the  surface;  but  as  shown  later  in  this  section,  efifectivaiess  increases  with  increased  turbulence  if 
the  flow  has  lifted  from  the  surface  due  to  a  hi^  blowing  ratio.  The  method  and  the  d^ee  to 
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which  free  stream  turbulaice  afreets  the  performance  of  film  cooling  is  influaiced  by  such 
parameters  as  longitudinal  distance  from  the  injection  holes  (x/d),  blowing  ratio  (B)  and  free 
stream  velocity  (Uoo).  Various  combinations  of  these  parameters  create  difrerait  flow  r^mes,  and 
the  flow  r^me  created  determines  the  manner  in  which  free  stream  turbulaice  afreets  film  cxioling 
efrectivaiess. 

Two  major  regimes  were  detected,  one  for  B  <  0.75,  where  the  cooling  stream  remains 
attached  to  the  surface  of  the  plate  at  all  x/d  and  one  for  B  >  0.75,  where  the  cooling  stream  lifts 
off  from  the  surface  of  the  plate  and  reattaches  at  x/d  <15.  To  facilitate  the  discussion  of  the 
turbulaice  efrecAs  on  film  cooling  efrectiveness,  the  sections  that  follow  are  divided  a<xording  to 
these  difrerait  regimes,  specafically: 

•  Efrectiveness  variation  with  x/d  for  B  <  0.75  and  B  ^  0.75 

•  Local  efrechveness  variation  with  blowing  rate  for  x/d  <  15  and  x/d  >15 

All  plots  include  data  for  Tu  =  7.3  %  and  Tu  =  12.2  %,  and  many  include  Tu  =  17.8  % 
also.  For  further  reference.  Appendix  E  contains  the  plots  of  cases  for  specific  combinations  of  B 
and  U«at  injechon  that  fall  within  the  range  of  a  particular  section  but  are  not  directly  referred  to 
in  the  discussion. 

5.1.1  Efrectiveness  Variation  with  x/d  for  B  <  0.75 

In  the  low  range  of  blowing  ratios  0.25  B  <  0.75,  a  rapid  monotomic  decrease  in 
efrectiveness  with  x/d  occurred,  with  lower  Tu  values  generally  yielding  higher  values  of 
efrectivaiess,  as  can  be  seen  in  Figure  5-1 .  Graierally,  for  low  blowing  ratios,  hi^  free  stream 
turbulence  has  a  detrimaital  effect  as  turbident  mixing  diverts  streamwise  propagation  of  the  lower 
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momaitum  injection  (lower  Uc)  away  from  the  plate,  dissipating  any  amount  of  coolant  readhing 
the  aid  of  the  plate.  In  their  study  on  the  interaction  between  the  coolant  jet  and  mainstream  flow 
(B  =  0.4),  Kohli  and  Bogard  (1997)  found  that  hi^  free  stream  turbulence  not  only  dispersed 
coolant  away  from  the  wall  but  also  thrusted  free  stream  air  throu^  the  core  of  the  coolant  jet. 
This  exdiange  of  free  stream  and  coolant  fluid  elemaits  started  at  injection  and  became  more 
pronounced  downstream  (x/d  >  3)  where  elemaits  of  free  stream  flow  penetrated  throu^  to  the 
wall. 

Only  for  low  B  (B  <  0.5)  at  extreme  downstream  r^ons,  did  the  low  Tu  case  not  produce 
higher  values  of  tj.  hi  Figures  5-1,  5-2  and  5-3  for  Uoo=  10,  37  and  85  m/s  respectively,  the 
Tu  =  12.2  %  case  achieves  a  value  of  t]  higher  than  the  Tu  =  7.3  %  case  starting  at  x/d  of  30  to  50 
and  continuing  to  the  aid  of  the  plate.  Bons  et  al.  (1992)  found  (for  a  single  row  of  holes)  similar 
effectivaiess  aihancement  at  large  x/d  (starting  at  x/d  «  30)  for  B  =  1.47,  where  the  Tu  =  6.5  % 
case  produced  hi^er  values  of  caiterline  t)  than  the  Tu  =  0.9  %  case.  He  attributes  this 
aihancement  to  the  earlier  merging  of  the  cooling  jet  streams  at  higher  Tu  levels.  For  B  >  0.5, 
higher  effectivaiess  with  low  Tu  occurred  to  the  aid  of  the  measuremait  surface 

5.1.2  Effectiveness  Variation  with  x/d  for  B  >  0.75 

As  B  increases  above  0.75,  a  transition  occurs  between  attached  flow  and  blow-off  (Figure 
3),  a  condition  where  the  cooling  jet  taids  to  detach  at  the  forward  stations  and  paietrate  into  the 
main  stream.  For  the  transition  blowing  rates,  0.75  <  B  <  1 .0,  the  higha  Tu  cases  keep  the  flow 
attached  \\hile  for  the  lowest  Tu  case  some  d^ee  of  blow-off  is  possible,  indicated  by  the 
presence  of  maximums  in  Figures  5-4  and  5-5.  The  progression  from  attached  flow  to  blow-off 
can  also  be  seal  in  Figures  5-6,  5-7  and  5-8  for  the  higher  free  stream  velocity  at  injection. 
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Uoo  =  18  m/s,  and  in  Figures  5-9,  5-10  and  5-11  for  U*  =  37  m/s.  As  seen  in  these  latter  six 
figures,  hi^er  free  stream  velocities  tend  to  delay  the  onset  of  blow-off  to  values  of  B  nearer  to 
unity;  and  always  with  the  hi^  Tu  case  the  most  resistive  to  blow-off  for  any  velodty.  Also  for 
the  transition  blowing  rates  (B  <  1.0)  hi^er  free  stream  velocities  result  in  cwily  small  changes  in 
effectivaiess  values  (see  Figures  5-4  and  5-10). 

For  hi^er  blowing  ratios  (at  or  greater  dian  unity).  Figure  5-12  (B  =  1 .25  and 
Uoo=  10  m/s)  is  rqjresaitative  of  the  overall  trend  in  effectiveness  with  x/d.  For  the  early  stations 
effectiveness  increased,  reached  a  maximum,  with  a  greater  maximum  for  the  hi^  Tu  cases,  and 
decreased  as  the  flow  moved  down  the  plate.  The  r^on  of  eflfectivaiess  increase  betweai  x/d  =  5 
and  10  is  an  indication  that  cooling  flow  is  being  reattadied  (brought  closer  to  the  surface)  by  the 
mixing  action  of  the  free  stream  turbulence.  Figure  5-12  also  shows  that  hi^er  levds  of 
turbulence  cause  an  earlier  reattadiment  of  blow-off. 

Once  the  cooling  flow  is  reattached,  indicated  by  a  maximum,  efifectivaiess  is  reduced 
downstream  for  the  highest  Tu  flow  as  seal  earlier  for  low  B  (B  <  0.75)  (see  Figure  5-12).  Again, 
low  values  of  effectiveness  for  hi^er  Tu  develop  as  a  result  of  the  increased  vertical  dissipation  of 
the  film  cooling  air  caused  by  the  greater  mixing  action.  Effectivaiess  values  continue  to  have 
approximately  the  same  differaitial  betweai  hi^  and  low  Tu  at  stations  toward  the  aid  of  the 
plate.  Eadi  of  the  hi^  free  stream  turbulaice  effects,  early  reattadiment  of  blow-off,  and 
accelerated  effectivaiess  decay,  was  seal  at  similar  downstream  locations  (x/d  =  10~15)  for 
midline  t|  by  Bons  et  al.  (1994)  in  their  work  with  only  one  row  of  holes  but  with  similar 
magnitudes  of  fi'ee  stream  turbulaice.  The  effectiveness  in  the  presait  study  was  lataally 
averaged,  therefore  similarities  with  midline  t]  are  appropiate. 
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For  very  high  blowing  ratios  up  to  2.0,  the  various  Tu-related  differences  in  efifectiveness 
are  greatly  reduced  (curves  come  to  a  near-collapse  in  Figure  5-13)  but  overall  levels  of 
effectivaiess  are  hi^er  for  higher  blowing  ratios.  Thus  for  very  hi^  blowing  ratios  any  free 
stream  turbulaice  is  limited  in  ability  to  improve  effectiveness  during  blow-off. 

Finally,  an  increase  in  U»did  not  have  a  significant  influaice  on  the  relative  or  absolute 
effects  of  free  stream  turbulence  on  effectiveness  discussed  above.  See  Figures  5-5  and  5-11. 


Table  5-1.  Summary  of  tj  variation  with  turbulaice 


LowB 

HighB 

pre  blow-off  reattach 
(forward  stations) 

HighB 

post  blow-off  attach 
(mid  to  aft  stations)  f 

Tut 

T|  >1^ 

Tut 

nt 

Tut 

'H  ^  j 

5.1.3  Local  Effectiveness  Variation  with  Blowing  Rate 
5.1.3.1  Forward  Stations  (x/d  ^15) 

A  view  of  local  film  cooling  effectiveness  variation  with  B  offers  the  opportunity  to 
observe  the  effects  of  free  stream  turbulaice  on  t)  from  a  differait  perspective.  Figures  5-14  and 
5-15  for  x/d  =  5  and  10,  show  the  variation  with  B  for  U*,  =  10  m/s.  At  these  forward  stations 
with  B  <  0.75,  the  coolant  film  is  attadied.  (These  figures  are  rqjresentative  of  vdiat  also  happais 
at  U«  =  18  m/s.)  The  resulting  effectivaiess  decreases  with  increased  levels  of  turbulaice.  From 
temperature  profiles  at  low  (0.9  %)and  high  (17.6  %)  free  stream  turbulence  levels  and  injection  at 
a  low  blowing  rate,  Bons  et  al.  (1994)  was  able  to  verify  (for  a  single  row  of  holes)  substantial 
temperature  dissipation  due  to  greater  mixing  for  the  high  Tu  cases. 
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For  the  transition  blowing  ratio  and  beyond,  B  >  0.75,  high  free  stream  turbulence 
increases  the  value  of  effectivaiess.  As  stated  earlier  in  this  chapter,  high  blowing  rate  injection 
produces  blow-off  at  the  forward  stations  as  the  hi^er  momentum  flow  penetrates  de^er  into  the 
mainstream.  In  this  situation  the  dispersed  film  is  more  effectively  redirected  towards  the  plate  due 
to  the  greater  mixing  of  the  higher  free  stream  turbulaice  level.  Also,  for  the  hi^er  blowing  ratio, 
T|  gaierally  toids  to  increase  as  B  is  increased. 

At  the  intermediate  station,  x/d  =  15,  for  B  <  0.75  hi^  free  stream  turbulaice  causes  a 
decrease  in  effectiveness  while  a  lack  of  sensitivity  to  Tu  is  seal  for  B  >  0.75.  Figure  5-16  shows 
the  curves  for  Tu  =  17.8  %,  Tu  =  12.2  %  and  Tu  =  7.3  %  merged  at  virtually  the  same 
effectiveness  values. 

At  hi^er  free  stream  velocities  the  limitations  of  the  injection  equipment  restricted  the 
maximum  blowing  ratio  to  1 .0  for  Uoo  =  37  m/s ,  0.68  for  U*  =  60  m/s  and  0.5  for  U*,  =  85  m/s. 
Hi^er  free  stream  velocities,  however,  did  not  alter  the  influaice  of  free  stream  turbulaice  on  q 
previously  discussed  at  lower  velocities.  In  Figures  5-18,  5-18,  5-19,  5-20,  5-21,  5-22  for  B  <  0.75 
and  with  U„  =  37,  60  and  85  m/s,  respectively,  the  lower  Tu  level  generally  produces  the  hi^er 
effectiveness  value.  Li  Figures  5-17  and  5-18  for  B  >  0.75  the  hi^er  Tu  level  produces  the  higher 
effectiveness  value. 

Free  stream  turbulaice  did  not  significantly  affect  the  optimum  blowing  ratio  (Bopt)  value. 
At  x/d  =  5  for  Uoo  =  18  m/s  (see  Figure  5-23),  Boptchanged  from  0.25  to  0.50  when  Tu  increased 
from  7.3  %  to  12.2%.  When  Tu  increased  further  to  17.8  %,  Bopt  remained  at  0.50.  At 
5  <  x/d  <  15  Bopt  remained  at  2.0  for  all  Tu  levels.  Similar  insensitivity  was  observed  for  U=o  =  10, 
37,  60,  85  m/s. 
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5.1.3.2  Aft  stations  (x/d  >  15) 


At  x/d  >  15,  Figures  5-24,  5-25,  5-26,  and  5-27  suggest  that  the  film  is  in  contact  with  the 
surface  for  any  blowing  rate  and  thus  experiences  a  larger  amount  of  vertical  dissipation  at  hi^er 
turbuloice.  (i.e.,  for  a  given  blowing  ratio,  B,  as  the  longitudinal  distance  along  the  plate 
increases  the  mass  of  coolant  reaching  the  end  of  the  plate  decreases).  Also  for  higher  blowing 
ratios  increases  but  is  less  dramatically  affected  by  turbulaicedian  at  low  blowing  ratios.  For 
instance,  in  Figure  5-24  for  x/d  =  20,  for  B  =  0.25,  rj  is  very  saisitive  to  Tu.  As  the  flow  moves 
further  aft  this  sensitivity  decreases  but  rj  is  always  higher  for  the  low  Tu  case. 

There  are  several  instances  at  x/d  >  45  for  the  hi^er  free  stream  vdocity  of  U*  =  85  m/s 
where  higher  turbuloice  (Tu  =  12.2  %)  produces  higher  values  of  t]  than  lower  turbulaice 
(Tu  =  7.3  %).  This  occurrence  again  signals  the  fact  that  at  very  aft  stations  for  low  B,  the 
medium  Tu  level  of  12.2  %  seems  to  be  optimum. 

As  noted,  in  general  Tj  increases  with  B  for  all  Tu  levels  for  the  hi^er  velocities,  60  m/s 
and  85  m/s,  however  towards  the  middle  and  end  of  die  plate  there  are  some  sharp  dips  in  t| 
rostered  for  low  blowing  ratio,  B  =  0.35.  Figures  5-28  -  5-3 1  show  the  effect  (data  was  not 
collected  for  Tu  =  12.2  %).  For  stations  further  aft  (Figures  5-32,  5-33,  5-34)  this  dip  in  t) 
becomes  more  pronounced  with  streamwise  distance  along  the  plate.  At  this  time  there  is 
insufficient  data  to  idaitify  the  causes  for  these  isolated  decreases  in  effectiveness  for  high  free 
stream  velocities  with  low  blowing  rates.  Another  uncharacteristic  decrease  in  effectivaiess  occurs 
at  x/d  >  65  for  Tu  =  7.3  %  as  B  approaches  0.68  for  U«,  =  60  (Figure  5-35)  and  0.50  for 
Uco  =  85  m/s  (Figure  5-36).  Although  these  decreases  fall  within  the  imcertainty  band  of  ±  0.015 
for  small  values  of  r\  and  low  B,  the  fact  that  these  decreases  continue  to  show  iqi  in  subsequait 
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stations  strengthens  the  argumait  that  these  are  true  representations  of  the  physics  presoit  in  the 
flow  and  not  an  error  in  data  collection. 

The  optimum  blowing  ratio  did  not  diange  with  free  stream  turbulaice  for  x/d  >  15. 
Figure  5-23  for  U*  =  18  m/s  shows  fliat  B,pt  remained  at  2.0  for  all  Tu  levels.  Similar  insaisitivity 
was  observed  for  Uoo  =  10,  37, 60,  85  m/s. 

5.2  Film  Cooling  Effectiveness  Correlation 

Film  cooling  effectiveness  correlated  with  a  grouping  of  film  cooling  parameters  as 

where  X  is  longitudinal  distance  measured  from  the  injection  point  and  d  is  the  diameter  of  the 
injection  hole.  The  inclusion  of  Res*  required  U(y)  distributions  to  determine  5*  at  injection.  Due  to 
a  lack  of  velocity  profiles  for  all  conditions,  two  methods  were  used  to  gaierate  the  required  U(y) 
distributions.  The  velocity  profile  correlation  known  as  the  Outer  Law  (equation  2-4),  valid  when 
wall  jet  similarity  is  presait,  was  used  for  injection  at  x/b  >  30.  Here  x  is  the  longitudinal  distance 
measured  from  the  jet  nozzle  to  a  station  and  b  is  the  height  of  the  nozzle  slot.  For  injection  at 
x/b  <  30,  velocity  profiles  were  available  from  test  set  up  measuremaits  and  were  curve  fitted 
using  a  self-preserving  wall  jet  distribution  (i.e.,  preserving  the  proportionality  of  the  distribution 
shape  for  a  givai  flow).  Even  thou^  the  local  velocity  distributions  are  not  fully  self-preserving 
at  these  early  stations,  this  wall  jet  distribution  provides  better  profile  shapes  than  other  curve 
fitting  distributions  previously  used. 
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During  the  preliminary  search  for  an  appropriate  correlation  grouping  an  effort  was  made 
to  correlate  efifectiveness  with  differait  combinations  of  B,  X,  I  and  S  without  success.  The  details 
of  this  undertaking  are  given  in  i^pendix  F. 

The  followiiig  sections  b^in  with  a  discussion  on  the  film  cooling  parameter  grouping 
Res»*’[(X/Bd)]*,  followed  by  a  detailed  description  of  the  two  velocity  profile  generation  methods, 
the  displacement  thickness  calculation,  and  finally,  the  development  of  the  correlation. 

5.2.1  Effectiveness  Correlation  with  Res*‘’[X/(Bd)]' 

The  grouping  Re5*'’[(X/Bd)]'  was  used  to  correlate  effectivaiess  for  several  reasons.  The 
method  used  to  generate  differait  free  stream  Tu  levels  (wall  jet)  required  that  the  starting  laigth 
prior  to  injection  be  increased  for  increased  Tu  levels.  The  parameter  Reg*  would  therefore  account 
for  the  effect  of  the  differaices  in  displacmait  thickness  prior  to  injection  for  various  Tu  levels. 
Furthermore,  this  grouping  and  others  similar  to  it,  with  the  term  pC/(Bd)]'  by  itself  or  multiplied 
by  a  form  of  Re,  had  been  successfully  used  in  other  effectiveness  correlations  (Goldstdn,  Shavit, 
and  Chen,  1965). 

The  Reynolds  number  based  on  displacement  thickness  was  calculated  for  several  Uw 
velocities  for  each  Tu  level.  The  calculation  of  the  displacement  thickness  for  eadr  of  these 
conditions  required  velocity  profiles.  As  maitioned  earlier,  velocity  profiles  were  not  available  for 
all  of  the  five  fi'ee  stream  velocities  used  in  the  ejqjeriment;  therefore,  an  alternate  way  to  gaierate 
velocity  profiles  was  developed  based  on  the  only  profile  available,  collected  during  preliminary 
test  set-up  for  Uj  =  55.8m/s.  Two  sets  of  vdocity  profiles  for  Uj  =  55.8m/s  aiabled  the  method,  one 
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at  14  station  locations  with  a  Y  incremait  of  0.254  cm  and  another  at  6  station  locations  with  a  Y 


increraait  of  0.1  mm,. 

The  procedure  aitailed  the  use  of  the  sdf-similarity  principle  for  a  wall  jet.  The  use  of 
self-similarity  considerations  which  are  appropriate  for  values  of  x/b  >  20  to  30  (Narasimha  et  al., 
1973,  and  Wygnanski  et  al.,  1992),  excluded  the  gaieration  of  vdocity  profiles  for  Tu  =7.3  %  and 
Tu  =  12.2  %.  Cooling  injecticHi  for  these  two  turbulaice  levels  was  at  x/b  =  5.4  and  x/b  =  10.5, 
both  of  which  are  upstream  of  the  r^on  in  question.  Therefore,  the  method  used  to  generate 
velodty  profiles  based  on  self-similarity  applies  only  for  Tu  =  17.8  %,  with  injection  at  x/b  =  3 1 .7. 

5.2.1.1  Velocity  proflles  for  film  cooling  injection  with  Tu  =  17.8  % 

The  Outer  Law  (equation  2-4)  was  evaluated  for  its  suitability  to  produce  velocity  profiles 
for  the  present  wall  jet  flow.  To  ascertain  the  degree  of  self-similarity  of  the  flow,  fourteai  station 
velodty  profiles  were  plotted  in  Outer  Law  variables,  Y/Ym/z  and  (U-Umj/Ux,  for  Y*  >  30  (i.e.  the 
r^on  where  the  logarithmic  velodty  distribution  applies).  The  collapse  of  the  profiles  was  fair 
except  for  the  earliest  stations,  x/b  =  5,  10  and  15,  with  the  first  of  these  showing  the  most  obvious 
separation  (see  Figure  5-37). 

For  a  closer  look  at  the  r^on  near  the  wall.  Figure  5-38  shows  a  plot  of  the  three  station 
profiles  with  the  best  collapse,  x/b  =  35, 41  and  47,  along  with  the  Outer  Law  equation.  As 
expected,  self-similarity  was  not  exhibited  by  the  profiles  at  the  forward  stations.  However,  at 
x/b  =  25  the  profile  seemed  to  collapse  with  the  others  at  several  Y  locations.  Therefore,  it  is  safe 
to  assume  that  for  this  wall  jet  self-similarity  begins  between  x/b  =  25  and  x^  =  35. 

Based  on  the  collapse  using  the  Outer  Law  variables,  and  the  fact  that  self-similarity  has 
bear  shown  to  be  indepaident  of  Re^  \diai  plotting  profiles  in  this  manner  (Wygnanski  et  al.. 
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1992),  the  Outer  Law  was  considered  a  suitable  technique  to  generate  velocity  profiles  for 
x/b  =  3 1 .7  (Tu  =17.8  %)  and  ctifFerait  values  of  fi-ee  stream  velocity. 

5.2.1.1.1  Determination  of  Um^  Ym  and  U, 

To  use  equation  2-4,  the  values  of  Um ,  ¥„  and  Ux  were  produced  using  power  laws 
developed  throu^  the  momoitum  flux  scaling  of  the  flow  by  Wygnanski  et  al.(1992). 

Figure  5-39  shows  equation  2-5  plotted  using  two  sets  of  the  constant  A„  and  the  exponent  n.  One 
set  corresponds  to  the  power  law  gjvai  by  Wygnanski  et  al.(1992)  and  the  other  set  belongs  to  the 
power  law  givai  by  Narasimha  et  al.  (1973),  who  also  scaled  the  flow  by  Mj.  To  select  whidi  set 
was  appropriate  to  use  for  the  wall  jet  flow  in  this  study  the  equation  was  plotted  using 
Uj  =  55.8  m/s  for  x/b  =  5,  15,  25,  35,  41,  and  47,  along  with  the  respective  measured  profile 
parameters  in  power  law  variables  for  the  same  stations.  The  measured  values  lie  closest  to 
Wygnanski’s  power  law  expression  for  x/b  =  35,  41,  and  47.  The  point  for  x/b  =  15  intercepts  the 
power  law  curve,  but  at  this  early  station  similarity  has  not  truly  been  achieved  and  the  flow  would 
not  normally  be  following  any  structured  bdiavior.  Consequently,  Wygnanski’s  power  law  was 
considered  suitable  to  generate  values  of  Um  for  profiles  at  x/b  =  3 1 .7  (Tu  =17.8  %). 

The  Y  location  for  Um  was  determined  using  the  rdation  Ym=  0.015Ym/2,  obtained  from 
Wygnanski’s  developmait  and  due  to  Launder  and  Rodi  (1981).  The  values  for  Y^n  and  Ux  in 
turn  were  found  using  equation  2-6  and  2-8,  respectively,  also  from  the  same  developmait. 

These  equaticHis  completed  the  method  for  gaierating  velocity  profiles  at  Xmj  for  the 
differart  free  stream  velocities.  The  overall  procedure  consisted  of  inputting  Uj  and  Xmj  into 
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equations  (2-5),  (2-6),  and  (2-8)  to  obtain  Um,  (Ym  =  0. 15  Yma)  and  Uc  respectively.  These 
quantities  woidd  thai  be  inputted  into  equation  (2-4)  to  gaierate  Uoo  at  the  specified  X^j . 

To  verify  this  new  procedure,  six  station  profiles  at  Uj  =  55  .Sm/s  were  plotted  along  with 
equation  2-4  goierated  at  the  same  Uj  and  Xinj  value.  Figures  5-40  and  5-41  show  the  match  of  the 
generated  profile  with  the  measured  profile  to  be  fairly  good  at  Xhg  =  2.30m  (x/b  =  35)  and  near 
perfect  at  X^j  =  2.67m  (x^  =  41).  This  was  so  in  spite  of  the  fact  that  the  calculated  Um,  Ym  and 
Ux  differed  from  the  measured  values  by  3.9  %,  5  %  and  15  %,  respectively,  at  Xmj  =  2.30m  and  by 
2.8  %,  4.7  %  and  15.8%,  respectively,  at  Xmj  =  2.67m.  Table  5-2  shows  the  corresponding 
numerical  values. 


Table  5-2.  Wall  jet  flow  parameters  measured  and  calculated  from  power  laws 


Measured  values  for  Uj  =  55.8  m/s 

Calculated  values  using  power  laws 

Xmj=  2.30  m 

Xmj  =  2.67  m 

Xinj  =  2.30  m 

Xinj  =  2.67  m 

Um(m/s) 

31.7 

29.2 

30.4 

28.38 

Ym  (cm) 

1.8 

2.1 

1.7 

2.0 

Ux(m/s) 

1.12 

1.03 

1.33 

1.23 

5.2.1.2  Velocity  profiles  for  injection  with  Tu  =  7.3  %  and  Tu  =  12.2  % 

t 

The  velocity  profiles  for  the  Tu  =  7.3  %  and  Tu  =  12.2  %  cases  could  not  be  generated 
using  equation  2-4  whidi  required  similarity  of  the  flow.  A  means  to  include  effectivaiess  values 
in  the  correlation  for  this  Tu  levels  was  to  calculate  8*  for  Res*  using  distributions  from  existing 
velocity  profiles  at  locations  near  injection.  For  Tu  =  7.3  %  and  Tu  =  12.2  %,  coolant  was 
injected  at  x  =  34.69  an  (x/b  =  5.4)  and  x  =  68.02  cm  (x/b  =  10.5),  respectively.  One  set  of 
velocity  profiles  for  Uj  =  55.8  m/s  was  measured  at  14  stations,  two  of  vdiidi  were  x  =  32.3  cm 
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(xTb  =  5.03)  and  x  =  64.6  can  (x^  =  10.06).  These  profiles  were  curve  fitted  using  a  self¬ 
preserving  wall  jet  distribution  of  the  from: 


(7/0) 


(5-2) 


where,  iiJo  =  Ym,  fcis  Von  Karman’s  constant  equal  to  0.41(White,  1991),  to  is  the  kinematic  wall 
stress  (Townsaid,  1976)  and  z  is  vertical  distance  from  the  wall.  The  parameters  Xo,  and  z,,  were 
calcailated  using  points  from  the  vdcxaty  profile  measured  for  Uj  =  55.8  m/s  (see  Appendix  G  for 
sample  calculations). 

Equation  (5-2)  applies  to  the  inner  layer  of  the  wall  jet,  that  is,  the  region  from  die  surface 
of  the  plate  to  where  the  maximum  velocity  (Un, )  is  readied.  For  both  locations  x/b  =  5.03 

and  x^  =  10.06,  the  fit  of  the  self-preserving  distribution  to  the  velodty  profile  was  fair  at  the  Y 
locations  closest  to  ¥„  and  deteriorated  at  locations  closer  to  the  wall.  Althou^  for  x^  =  5.03 
this  deviation  of  the  velodty  profile  from  the  self-preservii^  distribution  at  the  near-wall  region 
was  greater  (see  Figures  5-42  and  5-43).  It  should  be  noted  that  the  fad  that  these  velodty  profiles 
were  measured  at  Y  increments  of  0.254  cm  contributes  to  the  inaccuracy  of  the  fit. 

Effectiveiess  values  for  Tu  =  7.3  %  and  Tu  =  12.2  %  used  in  die  correlation  were  not 
direcdy  measured.  The  free  stream  velodty  settings  at  injection  for  whic^  effectivaiess 
measuremaits  were  taken  did  not  include  the  U«,  at  injection  values  of  51 .95  m/s  and  54.56  m/s 
corresponding  to  x/b  =  5.03  and  x/b  =  10.06  v4iei  Uj  =  55.8  m/s  .  Therefore,  the  effectiveness  at 
these  two  U«  values  used  in  the  correlation  was  obtained  fi’om  plots  of  t|  with  U*  (See  Figure  5-44 
for  an  example  plot). 
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5.2.13  Displacement  Thickness  Calculation 


From  the  velocity  profiles  obtained,  displacemait  thickness  at  injection  was  calculated  for 
Uoo  =  10  m/s,  18  m/s,  and  60  m/s  (nominal  tU  values  at  Xjnj  =  2.01  m)  with  Tu  =  17.8  %;  for 
Uoo  =  54.46  m/s  with  Tu  =  7.3  %;  and  U*.  =  51.95  m/s  with  Tu  =  12.2  %.  Uoo  profiles  generated 
with  the  Outer  Law  were  valid  only  as  low  as  Y*”  >  30  (Y^  =  (YUt)/v);  therefore,  to  calculate 
displacemoit  thickness  down  to  Y^  =  0  an  approximation  by  Reidiardt  (Bejan,  1984) 


2.51n(l  +  0.4:t;^)  +  7.8 


zy_ 

\-e  “ 


y 
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was  used  to  gaierate  profiles  for  this  very  thin  region.  The  addition  of  this  small  region  was  done 
for  completeness;  the  actual  contribution  to  the  displacem^  thickness  was  relatively  small  (an 
average  of  13.2  %  of  5*).  Calculated  values  of  displacement  thickness  and  Rea*  are  presetted  in 
the  following  tables. 


TABLE  5-3.  Input  parameters  and  results  with  Outer  Law  equation  (YatY^=30<Y<  Y^)  and 
Reichardt’s  approximation  (0<  Y  <  Y  at  Y*=  30) 


Xini(m) 

Ui  (m/s) 

Tu  (%) 

Uoo  (m/s) 

EiKSI 

Ut  (m/s) 

2.01 

18.93 

17.8 

10.34 

1.97 

0.521 

0.2635 

1816 

2.01 

29.96 

17.8 

16.63 

1.77 

0.792 

0.2236 

2479 

2.01 

94.4 

17.8 

56.43 

1.34 

2.32 

0.1459 

5489 

TABLE  5-4.  Input  parameters  and  results  with  self-preserving  wall  jet  distribution 

equation  (0  <  Y  <  Yo,) 


Tu(%) 

Uo  (m/s) 

Z„  (mVs^) 

Zq  (cm) 

Rcs* 

68.02 

55.8 

mm 

KM 

2.032 

7.373x10"“ 

4849 

34.69 

55.8 

mm 

wsm 

1.778 

2.150x10"*® 

Efii 

4720 
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5.2.2  Development  of  Correlation  using  Jfes.‘’[X/(Bd)]'Tu* 


A  discrete  least  square  approximation  with  two  independoit  variables  was  performed  to 
find  the  constant  Ai  and  the  exponents  b  and  c  (see  equation  5-1),  using  effectivaiess  values  from 
the  first  eight  cases  listed  in  Table  5-5.  These  cases  all  have  the  same  Tu  level.  The  goal  was  to 
find  coefficients  for  one  Tu  level,  then  introduce  the  other  two  levels  and  observe  whether  any 
s^aration  in  the  collapse  occurred.  If  sq)aration  of  the  collapse  was  apparoit  thai  the  value  of  the 
exponent  f  for  the  turbulence  term  would  be  sought. 


TABLE  5-5.  Listing  of  conditions  included  in  effectiveness  corrdation  with  Res*'’pC/(Bd)]‘Tu‘^ 


Case 

Uoo  (m/s) 

B 

Tu  (%) 

1 

56.43 

MBM 

17.8 

2 

56.43 

■n 

17.8 

3 

56.43 

0.75 

17.8 

4 

10.34 

0.50 

17.8 

5 

10.34 

0.75 

17.8 

6 

16.63 

0.25 

17.8 

7 

16.63 

0.50 

17.8 

8 

16.63 

0.75 

17.8 

9 

54.46 

0.25 

7.3 

10 

54.46 

0.50 

7.3 

11 

54.46 

0.75 

7.3 

12 

51.95 

0.25 

12.2 

13 

51.95 

0.50 

12.2 

14 

51.95 

0.75 

12.2 

15 

10.34 

1.75 

17.8 

16 

16.63 
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The  approximating  fimction  in  two  variables  is  arrived  at  by  taking  the  natural  log  of 


77=^1  Re. 


(5-3) 


^^ilidl  gives 


In  77  =  In  -f-^lnRe^.  +  cln 


(5-4) 


and  assigning  the  corresponding  term  to  the  form 

y  =  a+bx+cz  (5-5) 

so  that  the  depaidait  variable  is  assigned  as  y  =  In  t|,  the  two  indepaident  variables  are  assigned 
as  X  =  In  Res*  and  z  =  bi(X/Bd),  and  the  coefficients  are  assigned  as  «  =  In  Ai,  b  =  b  and  c  =  c. 

The  approximation  produced  values  of  b  =  0.089,  c  =  -0.613  and  constant  Ai  =  0.596.  The 
exponent  c  was  of  the  same  order  of  magnitude  as  those  found  by  Seban  (1960),  Scesa  (1954), 
Wi^ardt  (1946),  Nishiwaki  et  al.  (1961),  and  Goldstein  et  al.  (1965),  whose  exponait  c  ranged 
from  -0.5  to  -0.88  in  film  cooling  eflfectivaiess  correlations  without  free  stream  turbulaice 
including  the  term  pC/(Bd)]‘.  In  the  correlations  by  Nishiwaki  et  al.  and  Goldstein  et  al.  the  term 
pC/(Bd)]'  was  multiplied  by  and  Reg.  ’’ ,  respectively.  The  exponait  b  in  these  correlaticms 
was  also  less  than  one  as  it  was  for  this  study.  A  plot  of  the  parameters  showed  a  groiq)ing  of  data 
points.  Althou^  the  groiq)ing  was  fairly  good,  doser  examination  revealed  that  it  was  fi-agmatted 
into  three  distinct  turbulaice  levels.  The  turbulaice  term  was  then  included  and  the  e>q)onait  f, 
along  with  a  new  constant  Ai  were  found  througji  iteration.  The  resulting  correlation  is: 

f  -0.613 

77=  0.345Re,."-”*’[— J  (5-6) 
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Figure  5-45  shows  a  plot  of  t|  for  cases  1-14  in  Table  5-5  along  with  the  correlation 
equation  (5-6).  The  blowing  ratios  used  were  all  less  than  unity  because  most  of  the  previous 
correlations  referaiced  were  successful  in  this  blowing  ratio  range.  The  effectiveness  correlates 
fairly  good  with  the  major  scatter  towards  the  end  of  the  plate.  The  effectiveness  values  vphidi  lie 
closest  to  equation  (5-6)  are  generally  the  cases  for  B  =  0.50  and  B  =  0.75  with  Tu  =  12.2  %  and 
Tu=17.8% 

The  possibility  of  extending  the  correlation  to  blowing  ratios  greater  than  unity  was 
explored  by  including  the  last  two  cases  in  Table  5,  B  =  1 .50  and  B  =  1 .75.  Figure  5-46  shows 
that  these  hi^  blowing  ratio  cases  fell  practically  on  the  correlation  line,  with  the  exception  of  the 
blow-off  r^on  of  the  data  (x/d  <  15).  As  it  stands,  equation  (5-6)  is  considered  to  be  a  suitable 
correlation  for  0.5  <  X  <  1 .0,  vy4iere  X  =  Res*  ®  ®*’[X/(Bd)]‘®  ®*^  Tu"®'^.  This  interval  excludes  the 
blow-off  region  of  the  flow,  where  the  flow  may  need  to  be  modeled  perhaps  by  a  momentum  flux 
term  to  account  for  the  higher  momentum  injection  at  hi^  B;  and  the  far  downstream  r^on  of  the 
flow,  where  uncertainties  were  largest  when  measuring  small  values  of  effectivaiess  for  low  B. 

Another  possibility  of  wdiy  the  far  downstream  r^on  of  the  correlation  shows  a  greater 
separation  is  that  in  this  r^on  the  turbulaice  presort  in  the  flow  was  at  a  somewhat  higher  level 
than  at  injection.  Perhaps  as  high  as  20  %  judging  from  the  2-D  validation  test  contours. 
Substituting  a  more  representative  level  of  Tu  in  the  correlation  for  stations  far  from  injection  may 
produce  a  better  collapse  of  the  data  at  these  far  downstream  stations.  Unfortunatdy,  Tu  contours 
for  the  corresponding  test  runs  from  which  an  accurate  turbulaice  increase  could  be  extracted  were 
not  available. 

For  comparison  purposes  effectivaiess  values  from  three  sqiarate  works,  Bons  (1992), 
Jumper  (1988)  and  Jabbari  et  al.(1978),  were  included  in  Figure  5-47.  Bons’  effectiveness  values 
for  only  one  row  of  holes  with  Tu  =  1 1.5  %  fell  under  the  correlation  r^on;  this  result  was 
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e7q}ected  since  one  row  of  holes  has  beai  shown  to  produce  lower  effectivaiess  (Han  and 
Mdiendale,  1986,  Cirriello,  1991).  Jumper’s  efiFectiveness  values  also  for  one  row  of  holes  with 
Tu  =  17  %  fell  within  the  grouping  (excq)t  for  a  few  very  high  values  in  the  r^on  close  to 
injection).  This  result  was  unexpected  since  the  previous  one  row  values  fell  well  below  the 
correlation  r^on.  Although  Jumper’s  hole  configuration  did  have  both  a  smaller  P/D  ratio  and 
injection  angle  than  Bons ’configuration;  it  is  not  aitirely  clear  viiether  those  differences  would 
account  for  sudi  a  large  increase  in  effectiveness.  Jabbari’s  effectivaiess  for  two  rows  of  holes, 
with  free  stream  turbulence  of  less  than  1  %  and  B  =  0.50  and  B  =  0.20,  fell  on  the  corrdation 
r^on  as  expected. 
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6.  Conclusions 

The  objective  of  the  present  research  was  to  investigate  how  the  blowing  ratio  influaices 
the  effects  of  free  stream  turbnlaice  on  the  film  cooling  effectiveness.  Free  stream  and  surface 
temperature  measurements  were  takai  along  a  flat  plate  for  three  different  Tu  levels,  five  free 
stream  velocities  and  a  blowii^  ratio  ranging  from  0.25  to  2.0. 

The  method  by  which  free  stream  turbulaice  affects  effectivaiess  was  strongly  dominated 
by  two  main  factors:  blowing  ratio  and  location  of  the  flow  along  the  plate.  For  hi^  blowing 
ratios  at  locations  soon  after  injecticm  high  free  stream  turbulence  levels  counteract  the  effects  of 
blow-off.  The  greater  mixing  action  with  hi^  free  stream  turbulence  forces  detached  coolant 
elements  back  down  towards  the  surface  of  the  plate  increasing  the  effectivaiess. 

At  mid  to  aft  stations  for  all  blowing  ratios  hi^  free  stream  turbulaice  generally  decreases 
the  effectivaiess.  In  these  locations  where  the  coolant  stream  is  attached  to  the  surface  the  mixing 
action  of  the  hi^er  turbulence  dissipates  the  coolant  away  from  the  surface. 

Far  downstream  of  injection  where  the  lowest  Tu  level  (7.3  %)  is  e^ipected  to  achieve  the 
greater  value  of  effectiveness,  the  medium  Tu  level  (12.2  %)  produced  the  hipest  values  instead. 
This  occurraice  suggested  that  far  downstream  there  may  be  an  optimum  level  of  free  stream 
turbulence  which  produces  the  best  effectivaiess. 

Free  stream  velodty  was  found  not  to  have  a  significant  influence  on  the  impact  of  free 
stream  turbulaice  on  effectivaiess.  The  main  outcome  of  varying  the  free  stream  velocity  was  a 
change  on  the  location  a  particular  traid  would  take  effect.  For  instance,  if  tj  b^an  to  increase 
with  blowing  rate  as  the  flow  moved  further  downstream,  this  traid  change  would  begin  to  take 
place  further  iqjstream  as  U«  was  increased.  Another  more  subtle  effect  was  the  retardation  of  the 
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onset  of  blow-off  for  hi^  B  as  U«>  increased.  Principally,  dianges  in  IXo  did  not  change  how  free 
stream  turbulence  affected  the  film  cooling  effectivaiess. 

A  correlation  of  effectiveness  with  KesQUBdf  Tu^^is  offered  whidi  incorporates  all  Tu 
levels  used.  Effectiveness  correlated  best  at  10  to  15  diameters  after  injection  where  blow-off 
effects  are  no  longer  present,  and  before  the  very  far  downstream  stations  where  uncertainties  in 
the  measuremaits  were  greater. 


Recommendation 

An  optimum  level  of  free  stream  turbuloice  seemed  to  be  evident  at  far  downstream 
r^ons  of  the  flow.  Studies  focused  on  the  flow  structures  of  the  coolant-mainstream  interaction  at 
large  x/d  may  help  idoitify  the  turbulence  qualities  which  produce  hi^er  effectivaiess  at  these 
stations. 
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8.  Figures  Referenced  in  Main  Document 


Figure  2-1.  Turbulatt  Wall  Jet  Configuration 
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Figure  3-1 .  Complete  Apparatus  Layout  (view  a) 


Figure  3-2.  Complete  ^paratus  Layout  (view  b) 
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Figure  3-3.  Complete  Apparatus  Layout  (view  c) 
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Thermocouple  Location 
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Turbulence  Intensity  Contour 


5<  (iV) 

Figure  4-3.  Turbulaice  Intoisity  Level  Contour  without  Side  Walls 


Figure  5-1.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  EfiFectiveness 
B  =  0.50,  Free  stream  velocity  at  injection  =  10  m/s 
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Figure  5-2.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
B  =  0.25,  Free  stream  velocity  at  injection  =  37  m/s 
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Figure  5-4.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
B  =  0.75,  Free  stream  velocity  at  injection  =  10  m/s 
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Figure  5-5.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
B  =  1.0,  Free  stream  velocity  at  injection  =  10  m/s 
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Figure  5-6.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectivaiess 
B  =  0.50,  Free  stream  velocity  at  injection  =  18  m/s 
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Figure  5-7.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
B  =  0.75,  Free  stream  velocity  at  injection  =  18  m/s 
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Figure  5-8.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
B  =  1 .0,  Free  stream  velocity  at  injection  =  18  m/s 


8-20 


ETA 


Figure  5-9.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effect!  vwiess 
B  =  0.50,  Free  stream  velocity  at  injection  =  37  m/s 
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Figure  5-10.  Effect  of  Free  Stream  Turbuloice  on  Film  Cooling  Effectiveness 
B  =  0.75,  Free  stream  velocity  at  injection  =  37  m/s 
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Figure  5-12.  Elfect  of  Free  Stream  Turbulaice  on  Film  Cooling  EfFectivaiess 
B  =  1.25,  Free  stream  velocity  at  injection  =  10  m/s 
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Figure  5-13.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
B  =  2.0,  Free  stream  velocity  at  injection  =  10  m/s 
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Figure  5-14.  Effect  of  Free  Stream  Turbul^ce  on  Film  Cooling  Effectiveness 
X/D  =  5,  Free  stream  velocity  at  injection  =10  m/s 
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Figure  5-15.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  10,  Free  stream  velocity  at  injection  =  10  m/s 


Figure  5-16.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effecdvaiess 
X/D  =15,  Free  stream  velocity  at  injection  =  10  m/s 
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Figure  5-18.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  10,  Free  stream  velocity  at  injection  =  37  m/s 


Figure  5-19.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectivaiess 
X/D  =  5,  Free  stream  velocity  at  injection  =  60  m/s 


Figure  5-20.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  10,  Free  stream  velocity  at  injection  =  60  m/s 


Figure  5-23 .  Effect  of  Free  Stream  Turbulence  on  Optimum  Blowing  Ratio 
Free  stream  velocity  at  injection  =  18  m/s 
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Figure  5-24.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  20,  Free  stream  velocity  at  injection  =  10  m/s 
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Figure  5-25.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  40,  Free  stream  vdocity  at  injection  =  10  m/s 
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Figure  5-26.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  20,  Free  stream  velocity  at  injection  =  18  m/s 
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Figure  5-27.  Effect  of  Free  Stream  Turbuloice  on  Film  Cooling  Effectivaiess 
X/D  =  40,  Free  stream  velocity  at  injection  =  18  m/s 


Figure  5-28.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  30,  Free  stream  vdocity  at  injection  ==  60  m/s 


Figure  5-29.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  35,  Free  stream  velocity  at  injection  =  60  m/s 


Figure  5-30.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  40,  Free  stream  velocity  at  injection  =  60  m/s 
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Figure  5-3 1 .  Effect  of  F ree  Stream  Turbulsice  on  Film  Cooling  Effecti v^ess 
X/D  =  45,  Free  stream  velocity  at  injection  =  60  m/s 


Figure  5-32.  Effect  of  Free  Stream  Turbularce  on  Film  Cooling  Effectiveness 
X/D  =  50,  Free  stream  velocity  at  injection  =  60  m/s 


Figure  5-33.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  55,  Free  stream  velocity  at  injection  =  60  m/s 


Figure  5-34.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  60,  Free  stream  velocity  at  injection  =  60  m/s 
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Figure  5-35.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  70,  Free  stream  velocity  at  injection  =  60  m/s 
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Figure  5-36.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectivaiess 
X/D  =  65,  Free  stream  velocity  at  injection  =  85  m/s 
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Figure  5-37.  Velocity  Profile  Scaling  Using  Outer  Law  Variables 
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Figure  5-38.  Ncar-Wall  Velocity  Profile  Scaling  Using  Outer  Law  Variables 
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Figure  5-40.  Comparison  of  Velocity  Profile  Generated  with  Outer  Law  Equation 
and  Measured  Velocity  Profile  (x/b  =  35,  Uinf  =  55.8  m/s) 
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Figure  5-4 1.  Comparison  of  Velocity  Profile  Generated  with  Outer  Law  Equation 
and  Measured  Velocity  Profile  (x/b  =  41,  Uinf  =  55.8  m/s) 
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Figure  5-44.  Effect  of  Free  Stream  Velocity  on  Film  Cooling  Effectivaiess 

X/D=10,B  =  0.50 


Re'H).089(X/Bd)''-0.613Tu'‘-0.3 
—  Eta  =  0.345  Re^0.089(X/Bd)''-0.613Tu''-0.3 
XXX  Tu  =  17.8  %,  B  =  0.25,  Uinf  =  55.8  m/s 
+++  Tu  =  17.8  %,  B  =  0.25,  Uinf  =  55.8  m/s 
°°°  Tu  =  17.8  %,  B  =  0.75,  Uinf  =  55.8  m/s 
OOO  Tu  =  17.8  %,  B  =  0.50,  Uinf  =  10  m/s 
ooo  Tu  =  17.8  %,  B  =  0.75,  Uinf  =  18  m/s 
+  Tu  =  17.8%,  B  =  0.50,  Uinf  =  18m/s 
°°°  Tu  =  17.8  %,  B  =  0.75,  Uinf  =  18  m/s 
Tu  =  7.3  %,  B  =  0.25,  Uinf  =  55.8  m/s 
XXX  Tu  =  7.3  %,  B  =  0.50,  Uinf  =  55.8  m/s 
+++  Tu  =  7.3  %,  B  =  0.75,  Uinf  =  55.8  m/s 
□□O  Tu  =  12.2  %,  B  =  0.25,  Uinf  =  55.8  m/s 
OCOTu  =  12.2  %,  B  =  0.50,  Uinf  =  55.8  m/s 
OOO  Tu  =  12.2  %,  B  =  0.75,  Uinf  =  55.8  m/s 


Figure  5-45.  Effectiveness  Correlation  with  Non-dimensional  Grouping  of  Film 
Cooling  Parameters  0.25  <B  <  0.75 


Re'K).089(X/Bd)''-0.613Tu''-0.3 
—  Eta  =  0.345  Re''0.089(X/Bd)^-0.613Tu^-0.3 
XXX  Tu  =  17.8  %,  B  =  0.25,  Uinf  =  55.8  m/s 
+++  Tu  =  17.8  %,  B  =  0.25,  Uinf  =  55.8  m/s 
°  °°  Tu  =  17.8  %,  B  =  0.75,  Uinf  =  55.8  m/s 
Tu  =  17.8  %,  B  =  1.75,  Uinf  =  10  m/s 
°oo  Tu  =  17.8  %,  B  =  0.75,  Uinf  =  18  m/s 
XXX  Tu  =  17  8  B  =  1.5,  Uinf  =  18  m/s 
++■>■  Tu  =  17.8  %,  B  =  0.50,  Uinf  =  18  m/s 
°°°  Tu  =  17.8  %,  B  =  0.75,  Uinf  =  18  m/s 
0^0  Tu  =  7.3  %,  B  =  0.25,  Uinf  =  55.8  m/s 
Tu  =  7.3  %,  B  =  0.50,  Uinf  =  55.8  m/s 
+++  Tu  =  7.3  %,  B  =  0.75,  Uinf  =  55.8  m/s 
□CD  Tu  =  12.2  %,  B  =  0.25,  Uinf  =  55.8  m/s 
000  Tu  =  12.2  %,  B  =  0.50,  Uinf  =  55.8  m/s 
OOO  Tu  =  12.2  %,  B  =  0.75,  Uinf  =  55.8  m/s 


Figure  5-46.  Effectiveness  Correlation  with  Non-dimensional  Grouping  of  Film 
Cooling  Parameters  0.25  <  B  <  1.75 


Re''0.089(X/Bd)''-0.613Tu''-0.3 

—  Eta  =  0.345  Re^.089(X/Bdr-0.613Tu''-0.3 
xxx  Tu  =  17.8  %,  B  =  0.25,  Uinf  =  55.8  m/s 
Low  Tu,  B  =  0.50,  Uinf  =  30  m/s  (Jabbari) 

D  DO  Tu=17.8  %,  B  =  0.75,  Uinf  =  55.8  m/s 
Tu  =  17.8%,  B  =  1 .75,  Uinf  =  10  m/s 
ooo  Tu  =  17.8  %,  B  =  0.75,  Uinf  =  10  m/s 
XXX  Tu  =  17.8  %  B  =  1.5,  Uinf  =  18  m/s 

Low  Tu,  B  =  0.20,  Uinf  =  30  m/s  (Jabbari) 

^  Tu  =  17.8  %,  B  =  0.75,  Uinf  =  1 8  m/s 
Tu  =  7.3  %,  B  =  0.25,  Uinf  =  55.8  m/s 
Tu  =  1 1.5  %,  B  =  =0.75,  Uinf  =  13.96  m/s  (Bons) 
X=<X  Tu  =  7.3  %,  B  =  0.75,  Uinf  =  55.8  m/s 
■H-b  Tu  =  12.2  %,  B  =  0.25,  Uinf  =  55.8  m/s 
°°°  Tu  =  12.2  %,  B  =  0.50,  Uinf  =  55.8  m/s  • 

OCOTu  =  12.2  %,  B  =  0.75,  Uinf  =  55.8  m/s 

OOO  Xu  =  17.0  %,  Red  =  24.7K,  0.25<B  <2.4,  (Jumper) 


Figure  5-47.  Effectiveness  Correlation  Comparison  Between  Very  Low 
and  High  Free  Stream  Tu  and  One  and  Two  Rows  of  Holes 

0.20  <  B  <  2.4 


Appendix  A :  Derivation  of  the  Corrected  Effectiveness  Equation 

To  obtain  the  adiabatic  effectiveness,  surface  temperature  measuremaits  were  takai  on  a 
plate  with  no  power  applied.  This  set  iqj  produces  a  near-adiabatic  condition.  The  term  near- 
adiabatic  is  used  because  the  plate  will  e7q>erience  loss  of  energy  throu^  conduction  and  radiation 
despite  the  insulation  placed  under  the  plate  and  the  low  emissivity  of  the  plate  material. 

A  correction  to  account  for  the  non-adiabatic  effects  was  calculated  and  ^plied  to  eadi 
efifectivmess  value  obtained.  The  correction  was  typically  1  to  5  %  of  the  final  effectiveness  value 
with  the  largest  percaitages  obtained  towards  Ihe  aid  of  the  plate. 

From  a  one-dimaisional  heat  balance  on  an  elemait  of  the  surfece  one  obtains 

=0  (A-1) 

where  q,ui  is  the  radiated  heat  from  the  surface  to  the  aivironmait,  qcond  is  the  conducted  heat  flux 
throu^  the  surface,  and  qconv  is  the  convective  heat  flux  from  the  surface  to  the  fluid.  The  above 
equation  can  be  eiqiressed  in  terms  of  the  respective  temperatures  as 

sMJ:  -  V)+K(T.-T,)  +  k[i^^^  =  0  (A-2) 

where  Tw  is  the  measured  surface  tarqierature,  T„  is  the  free  stream  taiqierature,  T4,  is  the 
temperature  resulting  fi'om  a  mixture  of  the  free  stream  temperature  and  the  coolant  tenqierature 
( i.e.,  the  temperature  Tw  would  be  if  the  plate  was  truly  adiabatic),  Tb®  is  the  temperature  at  the 
bottom  surface  of  the  plate,  and  ho  is  the  heat  transfer  coefficient  with  injection.  Defining 
AT  =  Tw  -  T4,  and  solving  yields 
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AT=- 


(A-3) 


K 

V  J 

The  adiabatic  wall  tenperature  T,w  can  be  expressed  as  the  combination  of  the  measured 
tenqjerature  and  AT,  T»w  =  Tw  -  AT.  Substituting  this  expression  in  tiie  adiabatic  effectivaiess 
equation 


(r„  -  r.) 

(T.-T.) 


(A-4) 


gives 


(T-.-Af-r.) 

(T.-T.) 


(A-J) 


Finally  substituting  equation  A-3  into  A-5  yields  the  corrected  efifectivaiess 


^  {flmd  '^9cond) 

(r.-r.) 


(A-«) 


where 


q^^sa(V-Tj) 

r 


The  heat  transfer  coefficient  in  equation  A-6  was  obtained  from  a  Staton  number 
approximation  due  to  Kays  and  Crawford  (1980) 

St„  Pr®^  =  0.0287 Re,"®  "  (A-7) 
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This  approximation  was  adjusted  for  the  appropriate  level  of  free  stream  turbulence  using 
a  relation  by  Simonidi  (1978) 


—  =  l  +  5rM  (A-8) 
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Appendix  B :  Description  of  the  Uncertainty 


The  uncertainty  present  in  the  calculation  of  effectiveness  was  described  by  a  method  for 
single-sample  experiments  presented  by  Kline  and  McClintock  (1953).  In  this  method  the 
uncertainty  interval  for  the  result  (in  this  case  effectiveness)  is 


Wj,  = 


-w. 


V 


-w. 


+. 


f  m  ) 

.+  - w„ 


nl/2 


(B-1) 


where  the  result  R  is  a  function  of  n  indepaident  variables,  Vi,  V2,....v„ ,  and  Wi,  W2,  are  the 
uncertainty  intervals  for  the  independait  variables.  This  equation  is  referred  to  as  the  second- 
power  equation. 

The  function  R  for  this  experimait  is  the  effectiveness  equation  expressed  in  terms  of  directly 
measured  parameters  as: 


T  - 

T  ('•-Of 

_  2C,  Uw  J  _ 

j  l)CD  Pt^rikcool'^Unkcool 

2C^  pj  J  _ 

where 

Tw  is  the  temperature  measured  at  the  surface  of  the  plate 

Ttai  is  the  total  temperature  measured  in  the  air  supply  tank 

Ttankcooi  in  the  total  temperature  measured  in  the  coolant  tank 

Thw  is  the  temperature  measured  in  the  free  stream  at  the  maximum  velocity  point 
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Ptankcooi  is  the  total  pressure  measured  in  the  coolant  tank 


Pbar  is  the  ambient  barometric  pressure 

Pkiei  is  the  pressure  measured  at  the  maximum  velocity  point 

CD  is  the  coolant  coefficient  of  discharge 

Table  B-1  presents  the  respective  uncertainty  intervals  for  each  measured  variable.  The 
uncertainty  intervals  were  estimated  base  on  knowledge  acquired  throu^  experiaice  using 
instrumentaticMi  devices. 


TABLE  B-1. 


Uncertainty  intervals  for  the  indepoid^t  variables  in  the  effectivaiess  equation 


Variable 

Uncertainty 

interval 

Tw 

±0.1°K 

Ttank 

±0.1°K 

Ttankcool 

±o.rK 

Thw 

±0.1°K 

P tankcool 

±  260  Pa 

Pbar 

±  130  Pa 

Pkiei 

±260  Pa 

The  imcertainty  interval  for  the  effectivoiess  was  calculated  for  three  different  combinations  of  Uoo, 
Tu,  B,  and  x/d.  Uncertainty  intervals  alor^  with  the  respective  combination  of  parameters  are 
presented  in  the  following  table: 


TABLE  B-2.  Uncertainty  intervals  for  the  effectivaiess  at  specific  locations  and  conditions 


Uoo  (m/s) 

Tu  (%) 

B 

x/d 

Uncertainty 

interval 

18 

17.8 

1.75 

10 

0.008 

37 

12.2 

0.25 

50 

0.015 

10 

7.3 

0.25 

5 

0.021 
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Appendix  C  :  Data  Reduction  Program 

This  Appendix  contains  the  Q-Basic  prc^am  used  to  perform  cooling  jet  calculations, 
main  flow  calculations  and  flow  calculations  at  nozzle  exit 


C-1 


DEC.' ARC  SUB  Tempss  (filenames,  Pbar!,  Thw! ,  PrAvgK),  TempK),  QconvJO) 

DECLARE  SUB  FC  (filenames,  Pbar!,  Tinf!,  Tmpfl,  TankTempF!,  CoolTankTempF! ,  TempK),  PrAvgK),  Cmnt2$,  Twavg!,  Tstat!,  TstatcooK 
DECLARE  FUNCTION  Cp!  (Temp! ) 

DECLARE  SUB  StaAvg  (filenames,  TempiO,  chanlO,  NTC3497%,  NTC3852%) 

■Created  by  Dino  Ishikura 
Data  reduction  for  TC 
LS  ;  COLOR  11  0 

CONST  Rair  =  287.074  »Gas  constant  for  air  J/(kg.K) 

CONST  HgtoPa  =  3386.4  'convert  pressure  from  in_Hg  to  Pa 

CONST  H20toPa  =  248.7  'convert  pressure  from  in  H20  to  Pa 

CONST  rec  =  .862 
OPTION  BASE  1 

n%  =  150  '  Max  number  of  thermocouple 

DIM  chan(n%),  Temp(n%),  X(n%),  Y(n%),  Z(n%),  Ttype(n%),  Status(n%) 

DIM  Qrad(n%),  Qconv(n%) 

DIM  PrVAvg(3),  PrAvg(3) 

DIM  StaTback(16),  StaTsum(16),  StaTavg(16),  StaTCcount%(16),  StaTcen(16) 

INPUT  "Enter  directory  name  <c:\f i lmcool\>:  ",  dirnameS 
IF  dirnameS  =  ""  THEN 
'dirS  =  "c:\fi ImcoolX" 
dirS  =  "c:\filmcool\v10\" 

ELSE 

dirS  =  dirnameS 
END  IF 

dirS  =  "c:\filrocool\3ht60_60\" 

INPUT  "Enter  initial  file  nunber:  ",  init% 

INPUT  "Enter  final  file  number:  ",  final% 

CLS  :  COLOR  14,  0 
PRINT  "Main  Menu" 

PRINT  "  1  -  Process  temperature  for  spreadsheat  " 

PRINT  "  2  -  Process  station  temperature  average  " 

PRINT  "  3  •  Process  Film  Cooling  data  " 

INPUT  "Select  option  #:  ",  opt% 

'opt%  =  3 

INPUT  "Enter  output  file  name:  ",  outnameS 
ou1%  =  FREEFILE 

OPEN  dirS  +  outnameS  +  ".dat"  FOR  OUTPUT  AS  #ou1% 
ou2%  =  FREEFILE 

OPEN  dirS  +  "f"  +  outnameS  +  ".dat"  FOR  OUTPUT  AS  #ou2% 

'sta%  =  15 
sta%  —  0 

•^OR  k%  =  init%  TO  final% 

'sta%  =  sta%  -  1 

sta%  =  sta%  +  1 

ansS  =  LTRIMS(STRS(k%)) 

filenames  =  dirS  +  ansS 

fileinS  =  filenames  +  "hf.tcd" 

Unit%  =  FREEFILE 

OPEN  fileinS  FOR  INPUT  AS  #Unit% 

DO 

IF  NOT  EOF (Uni t%)  THEN 
INPUT  #Unit%,  TitlelS 
■  WRITE  TitlelS 

INPUT  #Unit%,  Ftype%,  Filnum,  IdS,  TIME1S,  DATE1S,  CmntlS,  Cmnt2S 
'  WRITE  Ftype%,  Filnum,  IdS,  TIME1S,  DATE1S,  CmntlS,  Cmnt2S 


'  /Exprm/  Experiment  conditions 

I 

INPUT  #Unit%,  Pbar,  Tinf,  Jetdp,  CooUetdp,  Tmpf,  Probetemp,  TankTempF,  CoolTankTempF 
WRITE  Pbar,  Tinf,  Jetdp,  CooUetdp,  Tmpf,  Probetemp,  TankTempF,  CoolTankTempF 


J  /PlateT/,  /Table/  Heated  plate  data 

INPUT  #Unit%,  NStations%,  NperStation%,  NTCtotal%,  NTC3497%,  NTC3852% 
WRITE  NStations%,  NperStation%,  NTCtotaU,  NTC3497%,  NTC3852% 


I 

'  /TC  Tenperature  Data/ 


FOR  indxX  =  1  TO  NTCtotal% 


INPUT  #UnitX,  chand'ndxX),  Tefflp(indx%),  X(1ndx%),  YCindxX), 
WRITE  #Unit1%,  chan(indx%),  Tenpd'ndxX),  X(indx%),  YdndxX) 
NEXT  indxX 


Zdnclx%),  Ttypedndxy.),  StatusdndxX),  qrad<indx%),  Qconvd 
,  Zdnclx%),  Ttypedndx%),  Statusdnclx%),  Qrad(indx%),  Qconv 


'  /Pressure  Data/ 

I 

INPUT  #Unit%,  Title2$ 

WRITE  Title2$ 

FOR  i%  =  1  TO  3 

INPUT  #Unit%,  PrVAvgdX),  PrAvgd%> 
WRITE  PrVAvgdX),  PrAvgdX) 

NEXT  i% 


*  /Heated  table  parameters/ 

I 

INPUT  #Umt%,  Title3$ 

WRITE  Title3$ 


INPUT  #Unit%,  PlateV,  PlateArea,  RShunt,  ShuntV,  TPlateAvg 
WRITE  PlateV,  PlateArea,  RShunt,  ShuntV,  TPlateAvg 

ELSE 

EXIT  DO 
END  IF 
LOOP 

CLOSE  #Unit% 

SELECT  CASE  opt% 

CASE  1 

CALL  TempssC filenames,  Pbar,  Tmpf,  PrAvgO,  Tempo,  QconvO) 
CASE  2 

CALL  StaAvgC filenames.  Tempo,  chanO,  NTC3497%,  NTC3852%) 
CASE  3 


‘CALL  FCCfilenameS,  Pbar,  Tinf,  Tmpf,  TankTempF,  CoolTankTempF,  Tempo,  PrAvgO,  Cmnt2S,  eta,  sta%) 

CALL  FCCfilenameS,  Pbar,  Tinf,  Tmpf,  TankTempF,  CoolTankTempF,  TempO,  PrAvgO,  Ci™it2S,  Tw,  Tinf,  Tcool,  eta,  sta%) 
*xd  =  ((sta%  «  1)  *  3.63  +  83.31)  /  2.54  /  #  / 
•IF  sta%  =  0  THEN  eta  =  0 


•PRINT  #ou1%,  filenames,  xd,  eta 
PRINT  #ou1%,  filenames,  Tw,  Tinf,  Tcool,  eta 
PRINT  #ou2%,  sta%,  Tinf 
CASE  ELSE:  BEEP 
END  SELECT 
NEXT  k% 

CLOSE  #ou1%,  #ou2 

BEEP:  PRINT  :  PRINT  ••»»  DONE  ««•' 


END 


FUNCTION  Cp  (Temp) 

•  Curve  fit  using:  Tmin  =  250  K 

•  Tmax  =  500  K 

•  Reference:  Table  A.1  (Kays/Crawford) 

Cp  =  1022!  -  .167572  *  Temp  +  .000360722#  *  Temp  *  Temp 

END  FUNCTION 

SUB  FC  (filenames,  Pbar,  Tinf,  Tmpf,  TankTempF,  CoolTankTempF,  Tempo,  PrAvgO,  CmntZt,  Twavg,  Tstat,  Tstatcool,  eta,  sta%) 

Ptankmaini  =  PrAvg(l) 

IF  Ptankmaini  <  0  THEN  Ptankmaini  =  0 
PKiell  =  PrAvg(2) 

IF  PICiell  <  0  THEN  PXiell  =  0 
Ptankcooll  =  PrAvg(3) 

IF  Ptankcooll  >  .2  THEN 

CD  =  .66  -  .1532  /  Ptankcooll  +  .01634  /  (Ptankcooll  *  Ptankcooll) 

ELSE 

Ptankcooll  =  0 
CD  =  0 
END  IF 

•Convert  pressure  from  inH20  to  Pascal 
Pbar  =  Pbar  *  HgtoPa 
Ptankmain  =  Ptankmaini  *  H20toPa 
Pkiel  =  PKiell  *  H20toPa 
Ptankcool  =  Ptankcooll  *  H20toPa 

•rename  to  mneunonic  temperature  names 
Thwl  =  Tmpf 

Ttanklargel  =  TankTempF 
Ttankcooll  =  CoolTankTempF 
Tceilingl  =  Tinf 

•Convert  temperature  from  deg  Farenheit  to  deg  Kelvin 
Thw  =  (Thwl  -  32)  /  1.8  +  273.15 
Ttanklarge  =  (Ttanklargel  -  32)  /  1.8  +  273.15 
Ttankcool  =  (Ttankcooll  -  32)  /  1.8  +  273.15 
Tceiling  =  (Tceilingl  -  32)  /  1.8  +  273.15 

'  Cooling  jet  calculation 

Denstankcool  =  (Ptankcool  +  Pbar)  /  (Rair  *  Ttankcool) 

VjetcoolTheo  =  SQR(2I  *  Ptankcool  /  Denstankcool) 

Vjetcool  =  CD  *  VjetcoolTheo 

Tstatcool  =  Ttankcool  -  Vjetcool  *  Vjetcool  /  (2  *  Cp(Ttankcool)) 

Densjetcool  =  Pbar  /  (Rair  *  Tstatcool) 

Gcool  =  Densjetcool  *  Vjetcool 

•  Main  flow  calculation 

•  n  iterations  over  main  flow  static  temperature 
n%  =  3 

Dens  =  Pbar  /  (Rair  *  Thw) 

Vel  =  SQR(2!  *  Pkiel  /  Dens)  ‘first  approach 
Tstat  =  Thw  -  rec  *  Vel  *  Vel  /  {2  *  Cp(Thw)) 


FOR  i%  =  1  TO  n% 


PkielSTP  =  Pkiel  *  (101325!  /  Pbar)  *  (Tstat  /  288.15) 
Dens  s  Pbar  /  (Rair  *  Tstat) 

Ve(  =  SQR(2!  *  PkielSTP  /  Dens)  'first  approach 
Tstat  =  Thw  -  rec  *  Vel  *  Vel  /  (2  *  Cp(Tstat)) 

NEXT  i% 

Ginf  =  Dens  *  Vel 
IF  Ginf  <>  0  THEN 
B  s  Gcool  /  Ginf 
ELSE 
B  =  0 
END  IF 


*  Flow  calculation  at  nozzle  exit 

Denstanklarge  =  (Pbar  +  Ptankmain)  /  (Rair  *  Ttanklarge) 

Velexit  =  SQR(2!  *  Ptankmain  /  Denstanklarge)  'first  approach 
'INPUT  "Enter  TC  station  #:  ",  sta% 

PRINT  filenames 
our.  =  FREEFILE 

OPEN  filenames  +  "fc.dat"  FOR  OUTPUT  AS  #ou% 

IF  sta%  =  0  THEN 

WRITE  #ou%,  Pbar  /  HgtoPa,  DATES,  TIMES 

PRINT  #ou%,  "  Lge  Tank  Cool  Tank  NozExit  Infinity  Cool  jet  " 

PRINT  #ou%,  USING  "Pressure  (inH20)  #.##  #.## 

PRINT  #ou%,  USING  "Temperature  (K)  ###.##  ###.## 

PRINT  #ou%,  USING  "Density  (kg/m‘3)  #.###  #.### 

PRINT  #ou%,  USING  "Velocity  (m/s) 

PRINT  #ou%,  USING  "Discharge  Coefficient  =  #.###  CD 
PRINT  #ou%,  USING  "Gcool  =  ###.##  kg.m/s  Ginf 

PRINT  #ou%,  USING  "Blowing  ratio  =  #.##  »;  B 
ELSE 

PRINT  #ou%,  Cmnt2S 

WRITE  #oiJ%,  Pbar  /  HgtoPa,  DATES,  TIMES 
PRINT  #ou%, 

PRINT  #ou%,  "Station  Temperature  in  deg.  Farenheit" 

Twavg  s  0:  n%  =  0 
FOR  i%  =  1  TO  7 

PRINT  #ou%,  Temp((sta%  -  1)  *  8  +  i%); 

T  =  Temp((sta%  -  1)  *  8  +  i%) 

IF  T  >  32  AND  T  <  120  THEN 

Twavg  =  Twavg  +  Tenip((sta%  -  1)  8  +  i%) 

n%  =  n%  +  1 
ELSE 


#.##  #.##";  Ptankmaini;  Ptankcooll;  PKiell;  Pi 

###.##  ###.##";  Ttanklarge;  Ttankcool;  Tstat;  Tstc 

#.###  #.###";  Denstanklarge;  Denstankcool;  Dens 

##.##  ##.##";  Velexit;  Vel;  Vjetcool 


=  ###.^  kg.m/s  Gcool;  Ginf 


Temp((sta%  -  1)  *  8  +  i%)  =  0 
END  IF 
NEXT  i% 

PRINT  #ou%, 

IF  n%  <>  0  THEN  Twavg  =  (Twavg  /  n%  +  459.95)  /  1,8  'Kelvin 
•PRINT  #ou%,  Cfmt2$ 

•WRITE  #0U%,  Pbar  /  HgtpPa,  DATES,  TIMES 
•PRINT  #ou%, 

PRINT  #ou%,  "Station  sta%;  "  -  Avg  wall  temperature  =  Twavg 

PRINT  #ou%,  "Static  Flow  Temp  =  ";  Tstat 

PRINT  #ou%,  "Static  cool  Jet  Temp  =  ";  Tstatcool 

eta  =  (Twavg  -  Tstat)  /  (Tstatcool  -  Tstat) 

PRINT  #ou%,  USING  "FC  effectiveness  =  ###.###  eta  *  100 
PRINT  #ou%, 

PRINT  #ou%,  Lge;  Tank;  Cool;  Tank;  NozExit;  Infinity;  Cool;  jet;  "" 
PRINT  #ou%,  USING  "Pressure  (inH20)  #.##  #.##  '  '  #  ^ 

PRINT  #ou%,  USING  "Temperature  (K)  ###.##  ###.##  ###!## 

PRINT  #ou%,  USING  "Density  (kg/m‘3)  #.###  #.###  #.### 

PRINT  #ou%,  USING  "Velocity  (m/s)  ##.##  M  M 

PRINT  #ou%,  USING  "Discharge  Coefficient  =  #.###  CD 
END  IF 


#.##";  Ptankmaini;  PtankcooH;  PKiell;  Pt 
###.##»;  Ttanklarge;  Ttankcool;  Tstat;  Tsta 
#.###";  Denstanklarge;  Denstankcool;  Dens 
##.##";  Velexit;  Vel;  Vjetcool 


CLOSE  #ou% 
END  SUB 


SUB  StaAvg  (filenames,  TempO,  chanO,  NTC3497%,  MTC3852%) 

DIM  StaTback(16),  StaTsum(16),  StaTavg(16),  StaTCcount%(16),  StaTcen(16) 
fileoutS  =  filenames  +  "hwT.dat" 

Unitl%  =  FREEFILE 

PRINT  "  »  processing  ",  filenames 
OPEN  fileoutS  FOR  OUTPUT  AS  #Unit1% 


Tlow  =  32 
Thigh  =  200 
X  limit  =  100 

NTCtotal%  =  NTC3497%  +  NTC3852% 

FOR  i%  =  1  TO  16 

StaTCcount%(i%)  =  0 
StaTsumCi%)  =  0 
NEXT  i% 


'  Calculate  Station  Average  Temperature-  First  thermocouples  were 
'  classified  by  station  nunber.  It  was  selected  SELECT  CASE  conroand 
*  insteady  of  formula  in  order  to  be  more  flexible  to  change  HP 


*  channel  number. 

FOR  indx%  =  1  TO  NTC3497%  *  NTC3852% 

IF  TefnpCindx%)  >  Tlow  AND  Temp(indx%)  <  Thigh  THEN 
SELECT  CASE  chan(indx%} 

CASE  0  TO  6:  sta%  =  1 
CASE  8  TO  14:  sta%  =  2 
CASE  16  TO  22:  staX  =  3 
CASE  24  TO  30:  sta%  =  4 
CASE  32  TO  38:  staX  =  5 
CASE  40  TO  46:  staX  =  6 
CASE  48  TO  54:  staX  =  7 
CASE  56  TO  62:  staX  =  8 
CASE  64  TO  70:  staX  =  9 
CASE  72  TO  78:  staX  =  10 
CASE  80  TO  86:  StaX  =  11 
CASE  88  TO  94:  staX  =12 

CASE  7:  StaTbackd)  =  Temp(indxX):  GOTO  ignorel 
CASE  15:  StaTback(2)  =  Temp(indxX):  GOTO  ignorel 

CASE  23:  StaTback(3)  =  TempCindxX):  GOTO  ignorel 

CASE  31:  StaTback(4)  =  TempCindxX):  GOTO  ignorel 

CASE  39:  StaTback(5)  =  Temp(indxX):  GOTO  ignorel 

CASE  47:  StaTback(6)  =  TempCindxX):  GOTO  ignorel 

CASE  55:  StaTbackC7)  =  TempCindxX):  GOTO  ignorel 

CASE  63:  StaTbackC8)  =  TempCindxX):  GOTO  ignorel 

CASE  71:  StaTbackC9)  =  TempCindxX):  GOTO  ignorel 

CASE  79:  StaTbackClO)  =  TempCindxX):  GOTO  ignorel 

CASE  87:  StaTbackCH)  =  TempCindxX):  GOTO  ignorel 

CASE  95:  StaTbackC12)  =  TempCindxX):  GOTO  ignorel 

CASE  ELSE:  GOTO  ignorel 
END  SELECT 

StaTCcountXCstaX)  =  StaTCcountXCstaX)  +  1 
StaTsumCstaX)  =  StaTsumCstaX)  +  TempCindxX) 

END  IF 
ignorel: 

NEXT  indxX 

FOR  indxX  =  NTC3497X  +  1  TO  NTCtotalX 

IF  TempCindxX)  >  Tlow  AND  TempCindxX)  <  Thigh  THEN 
SELECT  CASE  chanC indxX) 

CASE  0  TO  6:  StaX  =  13 

CASE  8  TO  14:  staX  =  14 

CASE  16  TO  19,  100  TO  102:  StaX  =  15 

CASE  104  TO  110:  staX  =  16 

CASE  7:  StaTbackC13)  =  TempCindxX):  GOTO  ignore2 
CASE  15:  StaTbackCU)  =  TempCindxX):  GOTO  ignore2 
CASE  103:  StaTbackClS)  =  TempCindxX):  GOTO  ignore2 
CASE  111:  StaTbackCl6)  =  TempCindxX):  GOTO  ignore2 
CASE  ELSE:  GOTO  ignore2 
END  SELECT 

StaTCcountXCstaX)  =  StaTCcountXCstaX)  +  1 
StaTsumCstaX)  =  StaTsumCstaX)  +  TempCindxX) 

END  IF 
ignore2: 

NEXT  indxX 


'  PRINT  "iX,  StaTsunCiX),  StaTCcountXCiX),  StaTavgCiX),  StaTcenCiX),  StaTbackCiX)*' 

FOR  iX  =  1  TO  16 

StaTavgCiX)  =  StaTsunCiX)  /  StaTCcountXCiX) 

StaTcenCiX)  =  TempCCiX  -  1)  *  8  +  4) 

•WRITE  iX,  StaTsunCiX),  StaTCcountXCiX),  StaTavgCiX),  StaTcenCiX),  StaTbackCiX) 

StaTsunCiX),  StaTCcountXCiX),  StaTavgCiX),  StaTcenCiX),  StaTbackCiX) 
WRITE  #Unit1X,  iX,  StaTavgCiX),  StaTcenCiX),  StaTbackCiX) 

NEXT  iX 
CLOSE  ^nitlX 
END  SUB 


SUB  Tempss  CfilenameS,  Pbar,  Thw,  PrAvgC),  Tempo,  QconvO) 

Pkiel  =  PrAvgC3)  *  H20toPa 

Pbar  =  Pbar  *  HgtoPa 

Thw  =  CThw  -  32)  /  1.8  +  273.15 

fileoutS  =  filenames  +  “hfT.prn" 

UnitlX  =  FREEFILE 

LOCATE  10,  1:  PRINT  ”  »  processing  ”,  filenames 

OPEN  fileoutS  FOR  OUTPUT  AS  #Unit1X 

Tlow  =  32 
Thigh  =  200 
X  limit  =  100 

rint  Temperature  to  a  file  in  16  columns 
R  iX  =  1  TO  8 
•PRINT  iX  -  4; 

PRINT  #Unit1X,  iX  -  4; 

FOR  jX  =  1  TO  16 

indxX  =  Ci%  "  1)  *  8  +  iX 

IF  TempCindxX)  >  Tlow  AND  TempCindxX)  <  Thigh  THEN 
•PRINT  TempCindxX);  ••,••; 


PRINT  munitU,  TempCindxX); 

ELSE 

•PRINT  CHR$(34);  CHR$(34); 

PRINT  #Unit1X,  CHR$(34);  CHR$(34); 

END  IF 
NEXT  jX 
•PRINT 

PRINT  #Unit1X, 

NEXT  iX 
PRINT  #Unit1X, 

•print  Oconv  to  a  file  in  16  columns 
FOR  iX  =  1  TO  8 
•PRINT  iX  -  4; 

PRINT  #Unit1X,  iX  -  4; 

FOR  iX  =  1  TO  16 

indxX  =  (jX  -  1)  *  8  +  iX 

IF  TemplindxX)  >  Tlow  AND  Temp(indxX)  <  Thigh  THEN 
•PRINT  Temp(indxX>;  •',"; 

PRINT  #Unit1X.  Qconv(indxX);  •',"; 

ELSE 

•PRINT  CHRS(34);  CHR$(34); 

PRINT  #Unit1X,  CHR$(34);  CHR$(34); 

END  IF 
NEXT  jX 
•PRINT 

PRINT  #Unit1X, 

NEXT  iX 

Dens  =  Pbar  /  (Rair  *  Thw) 

Vel  =  SQR(2  •  Pkiel  /  Dens)  •first  approach 

Tstat  =  Thw  -  rec  •  Vel  •  Vel  /  (2  *  Cp(Thw)) 

PkielSTP  =  Pkiel  *  (101325  /  Pbar)  *  (Tstat  /  288.15) 
Dens  =  Pbar  /  (Rair  *  Tstat) 

Vel  =  SQR(2  *  PkielSTP  /  Dens) 

Tstat  =  Thw  -  rec  *  Vel  •  Vel  /  (2  *  Cp(Tstat)) 

WRITE  #Unit1X,  Vel,  Tstat 

CLOSE  jiUnitlX 
END  SUB 


Appendix  D :  Free  stream  recovery  temperature  reconstruction 

The  free  stream  recovery  temperature,  T,* ,  was  reconstructed  using  the  total  temperature 
(plaium  ten:q)erature)  and  free  stream  velocity  values.  This  reconstruction  was  necessary  because 
the  thermocoiqjle  used  to  measure  the  free  stream  recovery  ten:q)erature  was  placed  too  close  to  the 
coolant  stream  and  the  tmperature  rostered  was  not  that  of  the  coolant  stream  but  of  a  mixture 
of  free  stream  air  and  coolant. 

The  velocity  term  contribution  was  subtracted  from  the  total  tanperature  measured  in  the 
pl^um  and  later  added  after  multiplying  the  term  by  the  recovery  factor  as  follows: 


u  ^  u  ^ 

T  -T - —+r  ”■ 

^rx>{new)  2^ 


(D-l) 


vdiere 

Tunk  is  the  ten[q)erature  measured  inside  the  air  supply  plaium  chamber 
Uoo  is  the  free  stream  velocity  at  each  station 
r  is  the  recovery  factor  (0.862) 

Effectivaiess  was  recalculated  with  the  new  free  stream  recovery  tenqjeratures  for  every 
combination  of  Tu,  B  and  U«.  The  new  effectiveness  values  were  more  in  the  order  of  what  was 
expected  based  on  other  research  sear,  than  the  effectiveness  obtained  with  the  measured  Tp» 
values. 
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Appendix  E :  Plots  of  Effectiveness  with  Film  Cooling  Parameters 

This  -Appendix  contains  figures  of  effectivaiess  with  X/D  and  effectiveness  with  B  for  the 
combinations  of  Tu,  B  and  Uoo  not  directly  referaiced  in  the  main  document.  Figures  are  arranged 
by  ascendii^  order  of  free  stream  velocity  at  injection  value  first,  and  blowing  ratio  or  station 
location  second. 
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Figure  E-1.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
B  =  0.25,  Free  stream  velocity  at  injection  =  10  m/s 
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FiSureE-3.  Effect  of"  Free  Stresm  Turbulence  on  Film  Coolii^  Effectiveness 
B  =  1.75,  Free  stream  velocity  at  injection  =  10  m/s 


Figure  E-4.  E£Pect  of  Free  Stream  Turbulence  on  Film  Cooling  Efiectivoiess 
B  =  0.25,  Free  stream  velocity  at  injection  =  18  m/s 


Figure  E-5.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
B  =  1.25,  Free  stream  velocity  at  injection  =  18  m/s 
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Figure  E-6.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
B  =  1.50,  Free  stream  velocity  at  injection  =18  m/s 
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Figure  E-7 .  Effect  of  Free  Stresm  Turbulence  on  Film  Cooling  Effectiveness 
B  =  1 .75,  Free  stream  velocity  at  injection  =  18  m/s 


E-8 


ETA 


Figure  E-8.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
B  =  2.0,  Free  stream  velodty  at  injection  =  18  m/s 


E-9 


10 


20 


5i 


30 

X/D 


0  60 


70 


Figure  E-9.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
B  =  0.25,  Free  stream  velocity  at  injection  =  60  m/s 
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Figure  E- 10.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Efifectivaiess 
B  =  0.35,  Free  stream  velodty  at  injection  =  60  m/s 
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Figure  E-1 1 .  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectivaiess 
B  =  0.50,  Free  stream  velocity  at  injection  =  60  m/s 
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Figure  E-12.  Effect  of  Free  Stream  Turbulence  on  Film  Coolii^  Effectivaiess 
B  =  0.68,  Free  stream  velodty  at  injection  =  60  m/s 
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Figure  E-13.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
B  =  0.25,  Free  stream  velocity  at  injection  =  85  m/s 
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Figure  E-14.  Effect  of  Free  Stream  Turbulaice  on  Film  Coolii^  Effectiveness 
B  =  0.35,  Free  stream  velocity  at  injection  =  85  m/s 


E-15 


Figure  E-16.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Efiecdvaiess 
X/D  =  30,  Free  stream  velodty  at  injection  =  10  m/s 
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Figure  E- 1 7.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  35,  Free  stream  velodty  at  injection  =  10  m/s 
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Figure  E-19.  Effect  of  Free  Stream  Turbuloice  on  Film  Coolir^  Effectiveness 
X/D  =  50,  Free  stream  velocity  at  injection  =  10  m/s 
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Figure  E-20.  Effect  of  Free  Stream  Turbuloice  on  Film  Cooling  Effectivaiess 
X/D  =  55,  Free  stream  velocity  at  injection  =  10  m/s 


Figure  E-2 1 .  Effect  of  Free  Stream  Turbuleice  on  Film  Cooling  Effectivaiess 
X/D  =  60,  Free  stream  velocity  at  injection  =  10  m/s 


Figure  E-22.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectivaiess 
X/D  =  65,  Free  stream  velocity  at  injection  =  10  m/s 


Figure  E-23 .  Effect  of  F ree  Strestn  Turbulence  on  Film  Cooling  EjBfectivoiess 


X/D  -  70,  Free  stream  velocity  at  injection  =  10  m/s 


Figure  E-24.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  5,  Free  stream  velodty  at  injection  =  18  m/s 
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Figure  E-25.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  10,  Free  stream  velocity  at  injection  =  18  m/s 
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Figure  E-26.  Effect  of  Free  Stream  Turbuleice  on  Film  Cooling  Effectiveness 
X/D  =15,  Free  stream  velodty  at  injection  =18  m/s 
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Figure  E-27.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectivaiess 
X/D  =  25,  Free  stream  velocity  at  injection  =18  m/s 
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Figure  E-28.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  30,  Free  stream  velocity  at  injection  =  18  m/s 
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Figure  E-30.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  EfiTecdvaiess 
X/D  =  45,  Free  stream  vdocity  at  injection  =18  m/s 
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Figure  E-3 1 .  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  50,  Free  stream  velocity  at  injection  =18  m/s 
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Figure  E-32.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  55,  Free  stream  velocity  at  injection  =  18  m/s 
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Figure  E-34.  EfFect  of  Free  Stream  Turbulaice  on  Film  Cooling  EfiFectivaiess 
X/D  =  65,  Free  stream  velocity  at  injection  =18  m/s 
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Figure  E-35.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectivoiess 
X/D  =  70,  Free  stream  velocity  at  injection  =  18  m/s 
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Figure  E-36.  Effect  of  Free  Stream  TurbuJaice  on  Film  Cooling  Effectiveness 
X/D  =15,  Free  stream  velocity  at  injection  =  37  m/s 
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Figure  E-37.  Effect  of  Free  Stream  Turbulsice  on  Film  Cooling  Effectivaiess 
X/D  =  20,  Free  stream  velocity  at  injection  =  37  m/s 


Figure  E-3  8.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  25,  Free  stream  velocity  at  injection  =  37  m/s 


Figure  E-39.  E£Pect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  30,  Free  stream  velocity  at  injection  =  37  m/s 


Figure  E-40.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  35,  Free  stream  velocity  at  iniecti(Mi  =  37  m/s 


Figure  E-41.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectivaiess 
X/D  =  40,  Free  stream  velocity  at  injection  =  37  m/s  • 


Figure  E-43.  Edect  of  Free  Stream  Turbuloice  on  Film  Cooling  Effectivoiess 
X/D  =  50,  Free  stream  velocity  at  injection  =  37  m/s 


Figure  E-45.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  60,  Free  stream  velodty  at  injection  =  37  m/s 


Figure  E-46.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Eflfectivaiess 
X/D  =  65,  Free  stream  vdodty  at  injection  =  37  m/s 


Figure  E-47.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  70,  Free  stream  velocity  at  injection  =  37  m/s 


Figure  E-49.  Effect  of  Free  Stresm  Turbulsice  on  Film  Cooling  Effectivoiess 
X/D  =  20  Free  stream  velocity  at  injection  =  60  m/s 


Figure  E-50.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooliiig  Effectivaiess 
X/D  =  25,  Free  stream  velocity  at  injection  =  60  m/s 
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Figure  E-5 1 .  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  65,  Free  stream  velocity  at  injection  =  60  m/s 


Figure  E-52.  Effect  of  Free  Stresm  Turbulence  on  Film  Cooling  Eflfectivsiess 
X/D  =  15,  Free  stream  velocity  at  injection  =  85  m/s 
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Fig^re  E-54.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectiveness 
X/D  =  25,  Free  stream  velocity  at  injection  =  85  m/s 
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Figure  E-55.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  30  Free  stream  velocity  at  injection  =  85  m/s 
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Figure  E-57.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effect!  vaiess 
X/D  =  40,  Free  stream  velodty  at  injection  =  85  m/s 


Figure  E-58.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectivaiess 
X/D  =  45,  Free  stream  velocity  at  injection  =  85  m/s 
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Figure  E-59.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectivaiess 
X/D  =  50,  Free  stream  velocity  at  injection  =  85  m/s 
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Figure  E-60.  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectivaiess 
X/D  =55,  Free  stream  velocity  at  injection  =  85  m/s 
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Figure  E-6 1 .  Effect  of  Free  Stream  Turbulence  on  Film  Cooling  Effectiveness 
X/D  =  60,  Free  stream  velocity  at  injection  =  85  m/s 


Figure  E-62.  Effect  of  Free  Stream  Turbulaice  on  Film  Cooling  Effectivaiess 
X/D  =  70,  Free  stream  velocity  at  injection  =  85  m/s 


Appendix  F :  Effectiveness  Correlation  with  B,  X,  I  and  S 

A  correlation  of  effectivaiess  with  various  non-dimaisional  combinations  of  parameters 
sudi  as;  blowing  ratio  (B),  distance  from  injection  to  a  station  PQ,  momentum  flux  (I),  and 
distance  betweai  injection  hole  centers  (S),  was  attempted  unsuccessfully.  The  specific 
combinations  were,  t]/B~XI/S,  t]~X/BS,  tj~XB/S,  t|/I~XI/S  and  ti/IB~XI/S.  These  combinations 
were  plotted  for  each  blowing  rate  and  all  three  Tu  levels. 

In  research  done  by  Cirrello  (1991),  with  one  and  two  rows  of  holes  and  no  significant 
free  stream  turbulaice,  the  first  groiq)ing,  t|/B~XI/S,  came  the  closest  to  a  collapse  for  blowing 
rates  from  0.50  to  1 .74.  In  the  presait  research  none  of  the  groiqjings  produced  a  collapse  of 
effectivaiess  amongst  different  blowing  rates  or  different  Tu  levels. 
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Appendix  G  :Sample  calculation  of  xo  and  Zo 


To  obtain  the  kineniatic  shear  stress,  Xo,  the  definition  for  the  friction  parameter 


1/2 


kU. 


(G-1) 


was  used,  where  U*  is  the  local  maximum  value  of  the  velocity  at  a  station.  Solving  equation  (G-1) 
for  To  yidds 


(G-2) 

The  value  for  the  fiiction  parameter  in  equation  (G-2)  is  obtained  from  a  plot  of  y  with 
(Figure  7.3  in  Townsaid,  1976).  This  plot  displays  several  curves,  eadi  corresponding  to  a 
different  velocity  ratio  defined  as  V  =  Ui/Uo,  in  which  Ui  is  the  vdocity  of  a  free  stream 
siqjerinposed  on  the  wall  jet  (for  this  research  Ui  =  0,  therefore  V  =  0).  The  value  of  Uo  is 
obtained  from  the  vdodty  profile  at  the  x  location  where  the  self-preserving  distribution  is  sou^. 

For  example,  at  x  =  64.6  cm;  Uo  =  5 1 .95  m/s,  y  =  0. 13 1,  k  =  0.41 .  Substituting  these 
values  into  equation  (G-2)  yields 


To  =[(0.13l)(0.4l)(5L95/w/5)f  =  7.79m^  !  s'^ 

To  find  Zo  at  the  X  location  in  question,  the  self-preserving  distribution  equation 


(5-2) 


is  solved  for  Zo  by  dividing  both  sides  of  the  equation  by  the  kinematic  shear  term  and  isolating  the 
log  term  in  the  ri^t  hand  side 


taking  the  log  base  10  of  both  sides  of  the  equation 


G-1 


and  finally  multiplying  through  by  Zo 


z 


0 


(G-3) 


Next,  an  arbitrary  point  (U,  z)  in  the  profile  at  x  =  64.6  cm  is  substituted  into  equation  (G- 


3),  along  with  the  value  of  riiU  =  at  that  location.  These  quantities  are:  U  =  5 1 .52  m/s, 

z  =  0.01524  m,  and  Ym  =  0.02035  m.  The  substitution  yields 


z 


0 


0.01524m 


10 


51. 


52m/s\ 


0.41 


\.(7J9m^/s^y 


0.01524m 

+ - - - 

0.02032m 
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